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This  final  report  summarizes  the  work  accomplished  under  Phase  1 of  the 
program  entitled  "Study  to  Define  Arctic  Pollution  Response  Systems  and  Develop 
Arctic  Oil  Pollution  Response  Project  Plans.'1  The  objective  of  Phase  1 of  the 
program  was  to  determine  the  most  cost  effective,  environmentally  compatible,  and 
technically  feasible  Coast  Guard  arctic  pollution  response  system  that  can  be  used 
in  projected  oil  spill  scenarios  to  recover  and  dispose  of  spilled  oil.  The  optimum 
arctic  pollution  response  system  was  determined  by  establishing  the  cost  and  effec- 
tiveness of  response  for  sixteen  oil  spill  response  situations,  and  developing  six 
alternative  Coast  Guard  arctic  pollution  response  systems  based  on  these  situations. 
The  optimum  system  was  then  identified  as  the  result  of  a cost  effectiveness  analysis. 
The  six  arctic  oil  spill  scenarios  consisted  of  a gathering  pipeline  rupture  in  the 
nearshore  Beaufort  Sea,  an  oil  well  blowout  from  a very  large  reservoir  in  the  near- 
shore Chukchi  Sea,  crude  oil  tanker  casualties  in  Norton  Sound  and  in  the  Navarin 
Basin  region  of  the  Bering  Sea,  an  oil  well  blowout  from  an  average  sized  reservoir 
in  Bristol  Bay,  and  a fuel  oil  spill  resulting  from  the  collision  of  a fuel  oil 
barge  in  Unimak  Pass.  The  optimum  system  provides  for  a response  level  for  the 
Norton  Sound,  Navarin  Basin,  Bristol  Bay,  and  Unimak  Pass  scenarios,  and  a 50". 
response  level  for  the  Beaufort  Sea  and  Chukchi  Sea  scenarios.  Modifications  in  the 
optimum  system  required  to  extend  its  capability  to  subarctic  applications  in  the 
Great  Lakes,  the  northern  rivers,  and  the  northern  coastal  region  were  also 
identi f ied. 
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Arctic  oil  spill  response  capabilities  exist  for  a variety  of  spill 
situations  where  temperate  open  water  response  techniques,  or  techniques 
recently  developed  for  cold  regions,  can  be  employed.  Significant  advances  in 
the  state-of-the-art  of  oil  spill  surveillance,  containment,  recovery,  transfer, 
storage,  and  disposal  have  been  made  in  recent  years  for  temperate  open  water 
conditions.  Much  of  this  capability,  however,  is  not  applicable  to  arctic 
regions  where  low  temperatures  and  the  presence  of  ice  complicate  the  oil  spill 
response  effort.  Recognizing  the  inadequacies  of  cold  region  oil  spill  response 
capabilities,  both  industry  and  government  have  directed  significant  efforts 
toward  upgrading  these  capabilities.  The  recently  developed  cold  region  oil 
spill  response  techniques,  combined  with  certain  temperate  water  oil  spill 
response  techniques,  may  be  readily  applied  to  many  of  the  spill  situations 
which  could  occur  along  the  Alaskan  coast  as  discussed  in  Volume  I of  this 
report. 

The  oil  spill  scenarios  selected  as  the  basis  for  this  study  addressed 

I open  water,  solid  shorefast  ice,  and  broken  ice  conditions.  It  was  concluded 

that  many  of  the  oil  spill  response  techniques,  and  much  of  the  hardware, 
developed  for  use  in  warmer  climates  can  be  used  in  combating  oil  spills  in 
open  water  conditions  in  Alaska.  Modifications  to  open  water  systems  must  be 
made,  however,  in  consideration  of  the  low  temperatures , and  the  logistic  re- 
quirements for  transporting,  deploying,  and  operating  the  equipment  in  the 
remote  areas  of  the  arctic.  It  has  been  generally  recognized  that  some  response 
capability  for  oil  spills  on  or  under  solid  shorefast  ice  exists  through  in  situ 
burning  of  the  oil.  This  type  of  response  is  aided  by  the  use  of  heavy  con- 
struction equipment  which  greatly  reduces  manpower  requirements,  allows  personnel 
to  work  out  of  the  cold  in  an  enclosed  cab,  and  permits  the  handling  of  large 
masses  of  contaminated  snow  and  ice.  It  appears  that  the  most  difficult  spill 
situation  occurs  when  oil  is  spilled  in  broken  ice  cover  having  concentrations 
greater  than  40?».  In  this  type  of  situation,  the  recovery  of  oil  intermixed 
with  large  ice  floes  could  be  difficult  and  hazardous  with  present  technology. 

It  is  generally  agreed  that  conventional  oil  recovery  devices  may  be  used  in 
light  broken  ice  fields.  However,  their  usefulness  can  still  be  limited  by 
large  ice  pieces,  high  oil  viscosity  and  low  ambient  temperatures. 

In  order  to  identify  equipment  judged  suitable  for  use  in  the  spill 
response  scenarios  described  in  Volume  I of  the  report,  a survey  of  existing 
equipment  was  taken  and  an  evaluation  was  made  of  the  suitability  of  the  equip- 
ment and  techniques  for  use  in  coastal  and  offshore  Alaskan  conditions.  The 
subsystems  of  the  oil  spill  response  system  identified  for  this  survey  were 
surveillance,  containment,  recovery,  transfer,  storage,  and  disposal.  The 
survey  was  accomplished  by  reviewing  the  state-of-the-art  of  these  subsystems, 
and  by  evaluating  the  equipment  and  techniques  for  application  in  aquatic 
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cold  regions  oil  spill  response.  A similar  survey  of  spill  response  equipment 
was  performed  by  ARCTEC,  Incorporated  for  the  Environmental  Protection  Agency 
through  the  University  of  Alaska  in  September  of  1976.  The  information  gathered 
at  that  time  was  used  as  the  foundation  for  this  survey  and  updated  to  January 
1978  to  include  the  more  recent  spill  abatement  developments.  The  evaluation  of 
cold  region  oil  spill  response  capability  did  not  include  testing  of  any  kind. 

It  was  based  on  information  contained  in  the  technical  literature,  communications 
with  experts  in  the  field,  and  the  experience  of  ARCTEC's  staff.  The  following 
paragraphs  describe  the  state-of-the-art  for  each  subsystem,  and  the  evaluation 
of  subsystem  capability  in  terms  of  applicability  to  cold  regions.  Recent 
developments  in  spill  abatement  technology  which  are  specifically  related  to 
cold  regions  are  also  discussed  in  this  Appendix. 

Suryei 1 lance 

Surveillance  techniques  can  be  used  for  detecting,  mapping  the  areal 
extent,  and  locating  concentrations  of  oil  spilled  in  arctic  regions.  Most 
remote  sensing  devices  can  be  used  only  in  certain  environmental  conditions. 

For  temperate  open  water  surveillance,  limitations  include  the  amount  of  light 
available,  sea  state,  cloud  cover,  oil  type,  and  observation  angle.  In  the 
arctic  regions,  interaction  of  spilled  oil  with  ice  and  snow  greatly  intensify 
the  spill  surveillance  problem.  An  oil  slick  can  flow  under  ice,  sandwich 
within  growing  ice,  mix  with  snow,  spread  between  ice  floes,  or  intermingle  with 
hummocks,  ridges,  and  rafts.  In  addition,  other  natural  and  man-related  optical 
phenomenon  further  complicate  the  oil  detection  and  monitoring  problem.  These 
include  periods  of  prolonged  darkness,  blowing  snow,  terrestrial  refraction  or 
mirages,  optical  haze,  whiteout,  snow  blindness,  steam  fog,  and  ice  fog. 

These  environmental  conditions  must  be  considered  when  evaluating  oil 
spill  surveillance  techniques  for  use  in  cold  regions.  The  primary  problem  in 
evaluating  the  application  of  current  surveillance  techniques  for  cold  regions 
is  that  little  experience  in  operating  oil  spill  surveillance  devices  in  arctic 
conditions  has  been  acquired.  The  few  tests  reported  include  only  the  use  of 
visual  detection,  photography,  infrared  imagery,  impulse  radar,  and  fluorescense 
detection.  Since  field  experience  is  limited,  the  only  means  for  evaluating 
these  devices  is  on  the  basis  of  their  operating  principle. 

The  vast  majority  of  current  and  proposed  surveillance  systems  use  some 
part  of  the  electromagnetic  spectrum  for  detection.  Table  B-l  is  a summary  of 
electromagnetic  sensing  devices  which  includes  a discussion  of  their  capability 
and  an  evaluation  of  their  potential  for  successful  application  in  the  coastal 
and  offshore  areas  of  Alaska.  As  a matter  of  convenience  in  classifying  these 
devices,  they  are  described  in  the  order  of  the  wavelength  of  energy  they  use, 
with  the  shortest  wavelengths  listed  first.  The  operating  spectral  band  is  given 
in  the  first  column.  The  next  column  lists  the  individual  surveillance  techniques. 
The  capabilities  and  limitations  of  the  sensing  techniques  are  discussed  in  the 
third  column.  Each  system's  potential  for  use  over  open  water  and  for  detecting 
oil  spilled  in  various  ice  conditions  is  summarized  in  the  last  column. 


TABLE  B-l  SUMMARY  OF  ELECTROMAGNETIC  SENSING  TECHNIQUES 


o X 

1 •* 

C 1 

X *A 

C 

O l QJ 

C -r-  03 

(U 

>> 

QJ  -r- 

QJ 

3 U U 

O CL 

TD  X 

03 

X 

r U 

L Q)r-'r 

C 03 

T3 

C 

r— 

X T3 

O0  -r- 

P P -r 

c o U 

QJ  QJ 

o o 

Cl 

QJ 

L- 

00  QJ  O C 

s. 

O -r- 

C0  T3 

Q.  C 

cO 

X X 

QJ  C 

X -O  -r- 

o 

'r  x C)  J 

C i- 

CA 

•r— 

03  U 

P->  •»- 

O i- 

X QJ 

X 03  E O 

QJ  O 

OJ  X 

-a 

*o 

QJ 

rO 

r-  O T3 

> 

L>  U O C 

co  U 

l-  3 

i- 

C X 

5 oo 

-O  ro  4-  QJ 

oo  o 

QJ  -r—  CO  CO 

QJ 

03 

XI 

QJ 

o 

O QJ 

C 

C 3 X 

03  X 

X r- 

>0  i- 

C 

>> 

E 

u 

•r-  T3 

T3  O 

(3  i/I  QJ  L 

03 

(U  C.T3  L 

03 

•*“  CO 

<2  X 

•r- 

0) 

X 

QJ  -r- 

•r-  r-  O 

CO 

■O  CL  c o 

E CO 

<o 

E O 

X 

L. 

O QJ 

■♦->  CO 

oo  > X oo 

C XJ 

03  03 

X 

C r— 

c 

1 

QJ  X 

OO  OO 

OO  •!—  X 

O QJ 

X 0J 

CO 

O «cc 

* CA 

r — 

o 

X 

QJ  QJ 

QJ  • “ OO  03 

•r-  X 

X QJ  r U 

X QJ 

•f 

X 

03 

X 

QJ  C 

4-  S- 

C >>  CO 

x o 

CDi — OO  •»— 

X X 

X <1) 

X o 

d> 

O 

T3  03 

C Q.  4 J O »— 

•r-  C 

•r-  X l- 

CD 

03  i- 

CD  C 

X 

X 

U 

QJ 

L *r*  CL  t— 

-O 

(D  C 

>> 

•r—  O 

u o 

•r- 

CL 

X 

1 “O 

03  • — O 

QJ 

c c 

•1—  to  X o 

03 

i — C 

•r-  X 

r—  X 

CA 

O r— 

QJ 

T3  •»-  QJ 

U 

o o 

5 CA  03 

r— 

>N 

• — i/J 

>»  X 

QJ 

X 

•r— 

O C 

XX  • 

•r— 

V *r- 

X O ^ r— 

CL 

03  X 

CLX 

03  *r— 

> 

C 

CA  O 

•r-  -r- 

>o  •*-  U 

X 

X -r- 

CO 

"O  3 

O.X 

t?  3: 

•r“ 

QJ 

c 

X OO  X O 

S- 

•—  O 

•O  X3  C 

•r* 

X 

< o 

CD 

C 

03  • * 

r r 

•r-  O C 

QJ 

03  QJ 

C * QJ 

X3 

i-  QJ 

2 

QJ  QJ 

L QJ  -O  > C uo  T3 

S-  X 

03  S-  X S- 

QJ 

0/  (J 

• r 

t 

E x 

QJ  U 

QJ 

c 

QJ  QJ 

QJ  to  O 

QJ 

QJ  (_J 

X -r- 

T3 

L 

•r- 

4->  •#— 

X O >>  C 

3 

C T3 

X X <D  X 

E 

X -r- 

ro  1 

QJ 

QJ 

>>  00 

•TJ  1 

•r-  X 03  *r- 

QJ 

X 03  X 

03 

5 c 

T3 

CL 

L. 

5 c 

E E 

» — 

CD  r— 

OO  £ C >, 

X 

5 c 

o 

i- 

2 ' — 

o 

•r-  CO  "O 

•r— 

03 

•*—  *r—  X 

i 

o 

C 1 

O 

CO 

E |~ 

C 1 

r-  C C QJ 

o 

QJ  3 

r-  C 1 •#- 

i — 

c 

0J  1— 

u 

3 

QJ  *— 

o o x 

E CO 

>»QJQ)r- 

03 

QJ  < — 

Q.-f- 

oj 

r— 

CL-r- 

OO  *r-  »f—  *r— 

S_ 

03  *r- 

03  CL  O •!- 

QJ 

CL-r- 

o o 

i- 

CL 

CL  T3 

O O 

03  X X E 

o 

oo  > 

Q O-r-  X 

S. 

O O 

X 

ro 

Q. 

03 

O 


* l/l  r- 

L.  L >>  03  'r* 

03  QJ  X O 

QJ  X -r-  X 
• — -*->  “O  U X 

U fO  *r-  3 to 

0)  E CO  *r- 
•D  3t  3 X 

c r ia 

03  >>  X X 
XX  U O 
cd  cd  oj 

C D ‘r  •*->  cA 


•r  QJ  £ li  E 
X X O »— 


X *r-  S- 

a>E  o 


r-  r—  QJ  C 
f\J  CO  *r— 

T3  >>  03  X JZ 

O r—  X U X 
O 0)  03 

cn  i.  -p  -p  s- 

qj  x c o 

ui  > o’*  o 


aj  qj  *r-  a *o 

L Or-  0) 

•*-  ai  ai 

3 •**  C O J 

a*  >,  qj  r-  (o 

oj  > <x3  ai 

q:  o ai4-  o 


CA 

co 

C CA 

O QJ 

X 

CA 

jw:  t-  x 

u 

QJ  CO 

U X 03 

X o 3 

C C 

•r-  1 -r-  X 

E X O QJ  co 

o 

r—  QJ  “O  CA 

*—  O X 

U -r- 

CO  T3  C 

■r*  QJ  -r—  OO 

•*-  X 

O 03 

X i-  r—  E C 

X U 

C i—  U QJ 

O CD  *r-  O 

X 3 

O 03  CA 

r—  r-  C f—  -r- 

S- 

•f-  3 CD 

•r-  O 03  X 

C X QJ 

X CA  *C  S- 

o u >>  o 

O CA  X 

3 -r-  -r-  QJ 

* X 3 

X 03 

r—  > X X 

C rOO’f—S- 

CA  O X 

O X CD 

O QJ  C r—  X CD 

T3  CA 

CA  CO  CD  *r— 

X O *r-  CO  o 

C 

QJ  T3  -f-  X 

CO  03  •*-  X X X 

QJ  X 03 

J-  C r- 

-o  X X -r-  O 

Q.X  QJ 

1 QJ  C 

C CO  -r-  CO 

QJ  CD  CA 

X X i-  *r— 

QJ  T3  -r-  -O  O 

T3  *r- 

CD  X QJ 

CL  03  C > C 

r-  T3 

•r  QJ  ^ QJ 

QJ  QJ  O 03  C 

>>  >>  c 

X O > 

XJ  tfl  U •*>  *f 

X 03  03 

• *•  r—  *r— 

C CO  03 

•r-  -O 

QJ  C X 

>>  « >t  O CD  L. 

r—  r 

CD  O O U 

X CA  *r—  QJ 

•r—  •*  C 

C-r  x Q) 

•r-  CO  CO  X C •* 

X ^ O 

03  X X 

r—  QJ  03  QJ 

fl  U-r 

S-  03  C X 

•r-  C **  > i-  M 

X •»—  CO 

1 > O QJ 

X i-  i_  03  03 

L>  r—  *r- 

Q)  L-r- 

U QJ  QJ  “O  X 

QJ  CA  > 

C0  QJ  X CO 

CO  *r-  X cO 

X 

O CA  U CA 

•r-  x 03  X >>  CO 

QJ  X O 

r—  X OJ  OJ 

> X 5 O X 03 

Q O X 

C_J  O X r— 

>> 

CA 

•*  i- 

I—  ra 
•r-  QJ 
O r— 

X 

O “D 


CA  03 

EE 


X cd 


C r— 

•*“ 

x its 
X T3 

X O 
U X 
QJ 

X T3 

qj  qj 
T3  X 
•r-  E 
C E t- 

03  'r-  03 
O r—  O 


i- 

qj 


QJ 

cd 

03 

E 


a> 

>> 

QJ 


a> 

QJ  x 

a)  a/ 

c e 

03  O 

cc  s- 

X 

oj  a 

u <D 

•r-  CL 
3 OO 


N 03 

QJ 

i-  *3 

r— 

ft  X C 

X 

U 03 

■r» 

5 <v  c o 

CA 

l CL 

Z>  *r- 

? C/3 

ZD  > 

B-3 

zr—  __jA 

sea 


TABLE  B-l  SUMMARY  OF  ELECTROMAGNETIC  SENSING  TECHNIQUES  (Continued) 


Thermal  Infrared  Detects  thermal  differences  between  Day  or  night,  haze,  some  capability 
Line  Scanner  oil  and  water;  effective  in  darkness  in  fog;  open  water,  possible  appli- 
(TIRLS)  and  haze,  will  not  penetrate  rain  or  cation  in  ice  infested  water: 

clouds;  local  thermal  structure  can  partially  effective  for  oil -on-ice 
cause  false  alarms;  will  not  detect  or  snow;  real-time  disolay 


TABLE  B-l  SUMMARY  OF  ELECTROMAGNETIC  SENSING  TECHNIQUES  (Continued) 
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thin  oil  films  easily  detected 


TABLE  3-1  SUMMARY  OF  ELECTROMAGNETIC  SENSING  TECHNIQUES  (Continued) 
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Sensing  techniques  and  devices  which  do  not  use  spectral  bands  are 
summarized  in  Table  B-2.  Included  are  gas  analyzers,  oil  detectors,  manual 
techniques,  and  the  use  of  divers. 

The  lack  of  an  empirical  data  base  upon  which  to  evaluate  remote  sensing 
devices  for  application  in  cold  regions  limits  the  possible  depth  of  this  analy- 
sis. The  Canadian  Environmental  Protection  Service  is  planning  a field  evaluation 
of  remote  sensors  for  detecting  oil  in  brash  ice,  slush  ice,  and  between  ice 
floes.  These  tests  are  planned  for  August  1978.  Nearly  all  of  the  electro- 
magnetic sensing  techniques  described  in  Table  B-l  will  be  evaluated  during  this 
test  program.  The  Canadians  are  also  planning  to  conduct  tests  in  December  of 
1978  for  detecting  oil  underneath  solid  ice  using  remote  sensors.  Again,  various 
techniques  will  be  evaluated  under  field  conditions. 

In  summary,  there  currently  exists  adequate  capability  for  remote  sensing 
of  oil  spilled  on  open  water.  Oil  spilled  on  top  of  ice  can  be  surveyed  by 
visual  detection,  which  may  be  improved  by  L’TV,  TIRLS,  FLIR,  microwave  imaging, 
and  mul tispectral  techniques.  Gas  analyzers  may  be  effective  for  surveillance 
depending  on  the  volatility  of  the  oil.  These  devices  also  show  some  potential 
for  detecting  oil  spills  in  broken  ice  conditions;  however,  current  devices  are 
least  effective  for  the  surveillance  of  oil  spilled  underneath  ice,  sandwiched 
within  solid  ice,  or  completely  covered  by  snow.  Devices  which  appear  to 
offer  some  potential  for  penetrating  ice  and  snow  include  impulse  radars, 
impulse  laser  fl uorosensors , and  microwave  detection.  The  present  state-of-the- 
art  for  under-ice  detection  is  limited  to  the  use  of  divers,  drills,  and  augers. 

Conta i nment 

A wide  variety  of  containment  barriers  are  commercial ly  available  for  use 
in  open  water  conditions.  The  usual  limitations  in  containing  spilled  oil  in 
open  water  are  winds,  waves,  and  currents.  For  example,  a water  current  velocity 
of  about  0.6  kts  normal  to  the  boom  is  usually  considered  to  be  the  upper  limit 
for  successful  retention  of  oil  by  the  boom.  In  the  arctic,  the  usefulness  of 
many  booms  is  further  limited  by  the  additional  environmental  conditions  of  low 
temperature,  stable  ice  cover,  broken  ice  fields,  moving  ice  floes,  and  snow. 
However,  it  has  been  judged  that  some  commercial  containment  equipment  and 
techniques  can  be  applied  to  some  limited  extent  in  the  arctic.  • 

The  following  paragraphs  provide  an  evaluation  of  commercial  containment 
booms  for  use  in  broken  ice  and  a discussion  of  oil  barriers  specifically 
designed  for  use  in  the  arctic  environment. 

Coniniercja  l Con  ta  i nmen t Booms 

The  most  comprehensive  testing  of  commercial  oil  containment  booms  in  cold 
regions  was  performed  by  the  U.S.  Coast  Guard  as  part  of  their  Arctic  Pollution 
Response  Program.  Field  tests  were  conducted  in  Kachemak  Bay,  located  near  Homer 
Alaska,  during  November  and  December  of  1973.  Ten  commercial  oil  containment 
barriers  were  evaluated  in  broken  ice  and  cold  temperatures.  The  results  are 
summarized  as  follows 
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TABLE  B-2  SUMMARY  OF  NON-SPECTRAL  DETECTION 
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1.  Barriers  having  smooth  sides  are  capable  of  deflecting  ice  floes. 

2.  Barriers  without  smooth  sides,  that  is,  having  projecting  flo- 
tation elements  or  bridles  to  external  tension  lines,  are  subject 
to  abrasion  damage  from  ice  interaction  while  deflecting  ice  floes. 

3.  When  deployed  perpendicular  to  the  direction  of  ice  flow  in  a 
U-shaped  configuration,  barriers  having  integral  tension  members 
fail  when  ice  loads  reach  a certain  level  by  rotating  out  of  the 
water,  up,  and  onto  the  ice.  While  the  oil  containment  fails  in 
such  an  action,  as  far  as  the  boom  itself  is  concerned,  the 
mechanism  is  a fail-safe  one  in  that  the  barrier  relieves  itself 
of  high  ice  loads  before  these  loads  cause  a parting  of  the 
barrier  itself. 

4.  Barriers  with  external  tension  lines  will  contain  floating  ice 
without  riding  up  onto  the  ice.  However,  since  these  barriers 
do  not  relieve  themselves  as  ice  loads  increase,  they  will 
eventually  be  subject  either  to  structural  failure,  or  to  mooring 
system  failure. 

5.  Hardware  used  to  connect  barrier  sections  and  to  connect  the 
barrier  end  plates  for  towing  or  mooring  mus-t  pro  ide  for  quick 
positive  connection  or  attachment  by  a person  wearing  heavy 
gloves  or  mittens. 

As  shown  by  these  field  investigations,  broken  ice  and  cold  temperatures 
present  special  oil  containment  problems.  Some  boom  designs  tend  to  operate 
more  effectively  than  others  under  these  conditions.  Therefore,  in  evaluating 
booms  for  use  in  broken  ice  and  cold  temperatures,  several  boom  construction 
features  are  desirable.  These  features  include  smooth  sides,  non  inflatable 
buoyancy  members  in  view  of  the  possibility  of  ice  puncture,  tension  members 
integral  to  the  boom,  strength  suitable  to  withstand  some  ice  loads,  connectors 
easy  to  manipulate  with  gloves  and  additional  reserve  buoyancy  because  of  the 
potential  loss  of  boom  flotation  due  to  icing. 

For  the  purpose  of  this  evaluation,  ARCTEC,  Incorporated  has  chosen  to 
separate  commercial  oil  containment  booms  into  three  categories  according  to 
their  general  strength  or  ruggedness.  These  categories  are  light,  medium,  and 
heavy  duty.  While  attempts  were  made  to  make  the  survey  as  comprehensive  as 
possible,  it  is  likely  that  there  are  some  commercial ly  available  booms  which 
have  not  been  evaluated  in  this  study  because  they  are  not  well  known  or  have 
limited  distribution.  The  booms  are  summarized  in  Tables  B-3,  B-4,  and  B-5. 
Listed  in  the  tables  are  the  manufacturers,  the  boom  names,  a brief  description 
of  each  boom,  and  major  boom  specifications  and  characteristics.  The  final 
column  of  each  table  contains  comments  on  the  estimated  usefulness  of  these 
booms  in  broken  ice  conditions. 

In  reviewing  the  information  summarized  in  Table  B-3  for  light  duty 
containment  booms,  three  booms  are  judged  as  having  potential  for  use  in  skim 
ice  conditions.  Of  the  medium  duty  containment  booms  listed  in  Table  B-4, 
six  are  considered  suitable  in  light  brash  ice  conditions.  None  of  these, 


however,  are  suitable  for  use  in  moving  fields  of  ice.  One  of  the  heavy  duty 
booms  summarized  in  Table  B-5  is  judged  suitable  for  use  in  the  presence  of  small 
broken  ice  pieces. 

Oil  Barriers  for  Arctic  Use 

Aside  from  these  commercial  containment  booms,  a review  and  evaluation 
of  special  containment  technigues  specifically  intended  for  use  in  ice  conditions 
was  also  completed.  These  devices  and  techniques  are  briefly  discussed  in  the 
following  paragraphs. 

The  ice-oil  boom,  which  is  a combination  of  a perforated  ice  boom  and  an 
oil  containment  boom,  shows  some  promise  for  use  in  broken  ice.  The  perforated 
boom  is  designed  to  pass  oil  through  while  not  allowing  passage  of  large  ice 
pieces.  The  ice  boom  therefore  deflects  ice  away  from  the  oil  containment  boom. 
The  oil  containment  boom  then  concentrates  the  oil  and  oil-coated  small  ice 
pieces  which  pass  through  the  ice  boom  for  recovery. 

A device  developed  by  Canadian  Marine  Drilling,  Ltd.  and  Bennett  Pollution 
Control s, Ltd . called  the  Arctic  Boom,  also  offers  some  potential  for  use  in 
broken  ice  conditions.  The  boom  was  designed  to  survive  high  tension  loads. 

The  smooth  sides  minimize  ice  snag,  and  the  flotation  members  are  protected  from 
ice  puncture.  Field  tests  have  been  completed,  but  the  results  are  not  yet 
publ ical ly  avai lable. 

Another  boom  developed  by  Bennett  called  the  Deep  Skirted  Boom  has  poten- 
tial application  in  solid  shorefast  ice  conditions.  This  boom  is  installed 
through  a slot  cut  in  the  shorefast  ice.  The  12  ft  deep  containment  skirt  is 
capable  of  containing  a considerable  amount  of  oil  providing  there  are  no  sig- 
nificant water  currents  present. 

Trenching  the  ice  also  can  serve  as  an  effective  containment  technique. 
Trenches  can  divert  the  oil  and  concentrate  it  in  the  ice  slot.  This  technique 
can  also  be  used  to  expose  oil  that  is  spilled  under  the  ice  to  the  surface. 

This  technique  may  be  limited  when  temperatures  are  extremely  low  due  to  the 
refreezing  of  the  slot. 

An  ice  keel  can  also  serve  as  an  effective  containment  barrier  for  oil 
flowing  underneath  ice.  Ice  keels  can  be  constructed  by  pumping  water  onto  the 
ice  surface.  Ice  keels  can  also  be  formed  by  removing  the  insulating  cover 
of  snow  from  the  ice  surface  thereby  causing  more  rapid  ice  growth. 

Another  concept  is  to  create  a containment  pocket  in  the  ice  by  insulating 
it  by  the  use  of  snow  or  special  insulating  material.  This  will  locally  limit 
the  ice  growth  and  encourage  a pocket  to  form  underneath  the  ice.  Oil  spreading 
underneath  the  ice  will  pool  in  this  pocket. 

Other  alternatives  for  containment  are  net  and  bubble  barriers  which  could 
be  used  to  partially  contain  oil  even  in  the  presence  of  broken  moving  ice  fields. 
These  concepts  are  particularly  useful  during  a continuous  oil  release  such  as  in 
the  case  of  a blowout.  These  concepts  are  being  further  investigated  by  the 
Canadian  Environmental  Protection  Service. 
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Manufacturer  Boom  Description  Freeboard  Draft  Weight  Strength  Tension  Connector  Active  Standard  Minimum  Comments  Related  to 

in.  in.  lb/ft  lb  orlb/in  Member  Face  Length, ft  Temp,',F  Cold  Regions 


Manufacturer  Boom  Description  freeboard  Draft  Weight  Strength  Tension  Connector  Active  Standard  Minimum  Comments  Pelated  to 

in.  in.  lb/ft  lb  or  lb/in  Member  face  Length, ft  Temp,  f Cold  Regions 
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Recovery 


A discussion  of  oil  spill  recovery  can  be  divided  into  two  separate 
categories.  The  first  involves  the  physical  removal  of  the  oil  into  a storage 
system.  The  primary  means  of  accomplishing  this  is  the  use  of  mechanical  oil 
skimmers.  The  second  category  involves  an  in-place  treatment  of  the  slick  to 
remove  it  from  the  surface  and  disperse  it  into  the  water  column  or  atmosphere. 

This  category  includes  in  situ  burning,  biodegradation,  and  the  use  of  chemical 
treating  agents.  The  use  of  these  techniques  also  results  in  the  disposal  of 
the  oil.  The  discussion  of  recovery  techniques  for  cold  region  use  is  therefore 
divided  into  two  sections,  one  each  for  mechanical  recovery  and  non-mechanical 
recovery. 

Me chemical  Recovery 

A great  variety  of  mechanical  oil  spill  recovery  devices  have  been 
developed  for  use  on  open  water.  There  are  several  factors  which  limit  the 
effectiveness  of  all  devices  in  open  water  conditions.  These  limitations  include 
the  type  of  oil;  waves,  currents,  and  winds;  debris;  and  physical  restrictions, 
such  as  piers.  For  example,  nearly  all  devices  are  generally  ineffective  in 
wave  heights  greater  than  1.5  to  2.0  ft,  or  in  currents  greater  than  0.6  to  0.9 
knots.  In  the  arctic,  there  are  additional  conditions  which  further  restrict  the 
effectiveness  of  these  devices;  these  include  cold  temperatures  and  ice  conditions. 
The  cold  temperatures  can  make  the  device  inoperable  due  to  icing,  or  cause 
failure  of  many  seals  and  bearings.  Cold  temperatures  can  also  greatly  affect 
the  viscosity  of  the  spilled  oil,  with  nearly  all  devices  becoming  ineffective 
when  operated  in  highly  viscous  oil.  Ice  conditions  ranging  from  light  slush 
ice  to  large  ice  floes  of  varying  concentration  further  limit  the  usefulness  of 
many  devices.  Shorefast  ice  creates  still  another  spill  response  situation. 

Commercial  mechanical  oil  spill  recovery  devices  were  evaluated  for  use 
in  cold  regions  after  being  categorized  in  accordance  with  their  primary  means  of 
recovery.  The  available  skimmers  were  categorized  as  weir,  belt,  disc,  drum, 
and  vortex  devices.  Most  of  the  recovery  devices  currently  on  the  market  are  of 
the  weir  type,  in  which  oil  floating  on  the  surface  of  the  water  is  separated 
by  gravitational  forces  and  passes  over  the  weir  which  holds  back  the  water. 

In  the  belt  type,  a flexible  belt  is  drawn  through  the  oil/water  interface  where 
the  oil  adheres  to  the  belt  and  is  subsequently  squeezed  from  the  belt  into  a 
collection  sump.  The  disc  type  skimmer  typically  consists  of  a series  of  discs 
which  rotate  into  the  oil,  and  as  the  oil  adheres  to  the  disc  it  is  lifted  up, 
wiped  off,  and  collected  in  a storage  unit.  As  a drum  type  skimmer  rotates,  oil 
coats  the  surface  and  is  subsequently  removed  from  the  drum  into  a collection 
sump.  The  vortex  type  of  skimmer  is  based  on  inducing  a vortex  flow  which 
gathers  and  thickens  the  oil  for  removal. 

Most  of  the  work  associated  with  the  evaluation  and  testing  of  oil  spill 
recovery  devices  for  cold  regions  applications  has  been  conducted  or  sponsored 
by  the  U.S.  Coast  Guard.  This  work  has  consisted  of  field  tests  without,  oil  and 
full-size  tests  performed  at  ARCTEC's  laboratory  with  oil  in  broken  ice  at  below 
freezing  temperatures.  The  evaluation  which  follows  is  based  primarily  upon 
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these  test  results,  and  also  relies  on  the  experience  of  ARCTEC's  staff  gained 
during  actual  spill  response  operations  .reports  in  the  technical  literature, 
and  communications  with  experts  in  the  field.  The  evaluation  of  the  low  temper- 
ature capability  of  all  of  the  available  devices  incorporating  a detailed  review 
of  all  structural  materials,  fabrication  methods,  seals,  and  lubricants,  was 
judged  to  be  well  beyond  the  scope  of  this  study.  Therefore,  the  evaluation  of 
mechanical  recovery  devices  for  cold  regions  use  was  based  upon  the  judged 
ability  of  the  equipment  to  successfully  interact  with  ice  in  its  many  forms. 

Tables  B-6  through  B-10  are  summaries  of  the  various  types  of  oil  recovery 
devices  presently  available  grouped  by  type.  The  information  summarized  includes 
the  manufacturer,  the  device  name,  the  type  of  drive  used,  model  types,  recovery 
rates,  sizes,  and  a description  of  the  operating  principle.  The  final  column 
contains  comments  relating  to  the  cold  regions  application  of  the  device. 

Twenty-eight  weir  devices  were  evaluated  and  none  were  judged  to  be  suitable 
in  their  unmodified  form  for  use  in  the  presence  of  broken  ice.  While  none  of 
the  belt  skimmers  surveyed  in  the  study  offers  a universal  capability  for  recover- 
ing oil  on,  under,  between,  or  sandwiched  in  ice,  four  units  were  judged  to  offer 
promise  in  limited  applications.  These  four  units  are  the  Oil  Mop,  the  Zero 
Relative  Velocity  Sorbent  Belt,  the  JBF  DIP,  and  the  Bennett  Oil  Skimming  System. 
Of  the  disc  units  surveyed  Lockheed's  Clean  Sweep  shows  a great  deal  of  promise 
for  successful  application  in  limited  broken  ice  conditions  due  to  its  inherent 
ice  processing  ability.  This  ice  processing  ability  is  largely  due  to  the 
rotating  vanes  which  provide  the  means  by  which  ice  is  swept  underneath  and  past 
the  recovery  device  while  oil  rises  up  into  the  collection  area.  Of  the  drum 
recovery  devices  evaluated,  none  appear  to  be  suitable  for  use  in  ice  conditions. 
The  vortex  devices  were  judged  to  have  their  suction  areas  quickly  clogged  with 
ice  when  operating  in  broken  ice  fields,  and  were  therefore  judged  unsuitable 
for  general  use  in  cold  regions. 

In  some  applications,  the  direct  mechanical  recovery  of  spilled  oil  is 
augmented  with  the  use  of  sorbents.  These  sorbents,  which  soak  up  and  remove 
oil  from  the  water  surface,  are  useful  in  some  instances.  However,  the  major 
problem  with  the  use  of  sorbents  is  the  necessity  for  broadcasting  and  recover- 
ing the  material.  For  arctic  applications  in  the  presence  of  broken  ice  cover, 
the  recovery  of  sorbents  would  be  very  difficult  and  does  not  seen  practical. 

Non-Mechanical  .Recovery 

Non-mechanical  recovery  techniques  are  actions  that  are  taken  when 
mechanical  recovery  is  not  possible,  or  action  that  can  be  taken  more  quickly 
than  mechanical  recovery  in  order  to  minimize  the  impact  of  a spill  on  the 
environment.  The  methods  of  non-mechanical  recovery  discussed  below  include: 

1.  In  situ  burning 

2.  Biodegradation 

3.  Surface  collecting  agents 

4.  Dispersants 

5.  Sinkants. 
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TABLE  B-6  WEIR  TYPE  OIL  RECOVERY  DEVICES  (Cont'd) 


T/lRLE  B-10  VORTEX  TYRE  OIL  RECOVERY  DEVICES 


Because  of  the  remoteness  of  potential  Alaskan  spill  sites,  it  is  likely 
that  in  situ  burning  would  be  more  acceptable  in  the  arctic  than  might  be  the 
case  in  more  heavily  populated  areas  of  the  lower  48  states.  The  burning  of  oil 
on  open  water,  in  between  broken  ice,  and  on  the  surface  of  ice  will  likely 
serve  as  an  important  oil  pollution  countermeasure  in  the  arctic. 

In  situ  burning  on  open  water  depends  on  the  way  in  which  oil  vaporizes 
and  burns  as  a thin  film  on  water.  The  combustion  of  fuel  occurs  in  the  vapor 
phase.  The  water  acts  as  an  infinite  heat  sink,  taking  heat  away  from  the  fuel. 
Analysis  of  burning  pools  of  oil  indicate  that  oil  will  burn  at  a rate  of  about 
1.5  millimeters  per  minute  from  the  surface  of  a spill.  As  the  layer  of  burning 
fuel  thins,  the  heat  conducted  away  by  the  water  begins  to  egual  the  heat  back- 
radiated  by  the  flame.  At  this  point  the  rate  of  burning  and  the  height  of  the 
flame  both  decrease.  As  the  fuel  layer  becomes  still  thin  ter,  a temperature  is 
reached  at  which  there  is  no  longer  enough  fuel  vaporization  to  maintain  the 
flame  in  competition  with  heat  loses  to  the  water.  When  the  liquid  fuel  reaches 
this  temperature,  known  as  the  fire  point,  the  flame  goes  out.  Generally  most 
crude  oils  burn  out  when  the  slick  thickness  on  water  falls  below  5 millimeters. 
When  special  wicking  agents  are  used,  this  thickness  may  be  reduced  to  about  ? 
mill i meters . 

The  operation  of  the  wicking  devices  is  dependent  upon  the  capillary 
rise  of  oil  through  the  wick,  and  upon  the  vaporization  and  combustion  of  the 
oil.  Ideally  wicking  agents  should  be  hydrophobic,  oleophillic,  flame  resis- 
tant, non-combustible,  and  contain  channels  of  optimum  capillary  diameter  for 
oil  to  move  upward.  Since  large  quantities  of  wicking  agents  are  often  required, 
these  agents  should  also  be  inexpensive  and  easy  to  manufacture.  In  a study 
conducted  by  Environment  Canada  AMOP  [1],  six  wicking  materials  were  evaluated. 

In  general,  Nomex  and  interwoven  polypropylene  cord  materials  performed  best  in 
the  tests.  In  the  tests  of  these  cord  materials,  the  wick  operated  effectively 
for  a maximum  period  of  one  hour.  After  this  time,  the  flames  spread  over 
the  entire  slick  completely  destroying  the  wicking  material.  Work  is  in 
progress  to  eliminate  this  problem.  This  study  also  considered  ignition  of 
the  wicking  material  by  a timing  system,  radio  signals,  and  by  an  oil  slick 
detection  device.  The  timing  system  was  considered  as  the  most  reliable  and 
inexpensive  and  a prototype  was  built  and  tested  [1]. 

Providing  the  slick  is  thick  enough  to  support  combustion,  which  means 
at  least  5 millimeters  for  crude,  direct  burning  by  air-deployable  igniters 
is  feasible.  The  igniter  must  supply  sufficient  energy  to  initiate  and 
maintain  local  heating  and  volitization  of  oil  near  the  igniter, 
local  ignition  of  oil  vapors  near  the  igniter,  and  flame  spread  to  the  entire 
slick  surface.  To  meet  these  requirements,  five  igniters  were  tested  under  the 
Environment  Canada  AMOP  program  [1],  The  igniters  tested  include  Kontax,  solid 
propellant,  solid  fuel,  and  sodium  and  gasoline  igniters. 

kontax  igniters  were  designed  mainly  for  the  purpose  of  oil  slick  com- 
bustion, and  had  been  previously  used  in  air  deployment  applications. 


Solid  propellant  igniters  have  the  advantage  of  providing  a strong  flame  which 
is  not  likely  to  be  extinguished  under  windy  conditions.  Solid  fuel  igniters 
are  inexpensive  and  have  the  advantage  of  not  being  rapidly  consumed  by  flames. 
The  sodium  and  gasoline  igniters  also  have  the  advantage  of  being  very  inexpen- 
sive to  manufacture.  Solid  fuel,  solid  propellant,  and  Kontax  igniters  were 
effective  in  oil  slick  ignition,  having  ignition  probabilities  of  84%,  89%  and 
100%  respectively. 

Delayed  activation  of  air-deployable  igniters  can  be  achieved  by  using 
separate  starters.  These  starters  include  chemical,  electrical,  and  fuse 
wire  starters.  Field  tests  showed  the  most  effective  starter/igniter  combin- 
ation to  be  fuse  wire  starters  used  with  solid  fuel  and  solid  propellant 
igniters.  The  probability  of  ignition  for  this  combination  was  80%.  Problems 
encountered  in  air  deployment  of  the  igniter/starter  combinations  include 
damage  by  landing  impact  and  splashing  the  oil  away  from  the  igniter  when 
landing.  Future  research  by  Environment  Canada  is  planned. 

It  also  seems  reasonable  that  oil  in  between  ice  floes  could  be  burned 
provided  the  oil  thickness  is  adequate.  The  broken  ice  could  help  contain 
the  oil  to  a thickness  great  enough  for  effective  combustion  to  take  place. 
Special  containment  barriers  could  also  be  used  to  help  contain  the  oil  for 
burning.  Some  fire  resistant  commercial  booms  are  presently  being  tested  as 
part  of  the  Environment  Canada  AMOP  program. 

Even  in  cold  regions  where  the  oil  is  partially  contained  by  the  ice,  in 
situ  burning  is  likely  to  be  an  effective  spill  countermeasure.  Approximately 
80  to  95%  of  a slick  can  be  eliminated  from  the  surface  of  the  water  or  ice  by 
using  this  method.  Research  is  still  required  to  address  some  of  the  problems 
associated  with  air  deployable  wicking  agents,  igniters  and  starters.  These 
problems  include  safety  in  handling  and  transportation,  reliability,  chemical 
stability,  and  splashing  oil  away  from  the  igniter  on  impact.  Problems  are 
also  involved  in  obtaining  permission  to  carry  these  devices  in  various  classes 
of  military  and  civilian  aircraft.  If  a variety  of  devices  are  approved  for 
use,  there  is  also  a problem  of  uniformity  of  air  launchers,  particularly  for 
multi-national  use. 

Biodegradation 

Microbial  degradation  of  petroleum  depends  on  the  chemical  composition 
of  the  spilled  oil,  the  enzymatic  capabilities  of  the  microorganisms  and  the 
environmental  conditions.  In  the  arctic,  microorganisms  must  be  capable  of 
degradation  at  low  temperatures  which  in  turn  tends  to  limit  the  rates  of 
their  degradative  activities  [2,  3].  While  little  can  be  done  to  manipulate 
temperature,  it  should  be  noted  that  spilled  oil  may  absorb  solar  radiation 
and  raise  the  temperature  around  the  spills,  making  it  more  favorable  for 
microbial  activities.  Additionally,  petroleum  hydrocarbons  can  be  degraded 
at  low  temperatures  [2,  3,  4]  and  the  presence  of  ice  crystals  may  actually 
stimulate  this  process  [5];  however,  if  the  oil  is  isolated  and  preserved  in 
ice,  the  biodegradation  process  fails  to  occur  [1].  Crude  oils  from  the 
arctic,  such  as  Prudhoe  crude,  contain  heavy  complex  hydrocarbons  which  are 
difficult  for  microorganisms  to  attack,  but  on  the  other  hand,  such  crudes 
also  lack  a volatile  fraction  which  is  toxic  to  microorganisms  [6].  Other 
factors  influencing  biodegradation,  such  as  limitation  on  the  usable  forms  of 
nitrogen  and  phosphorus,  which  is  characteristic  of  marine  ecosystems,  may  be 


overcome  by  appropriate  addition  of  a suitable  fertilizer  [7].  The  fertilizer 
formulation  should  be  of  a usable  form  which  will  not  add  appreciably  to  the 
high  BOD  of  spilled  oil.  Also,  limitation  on  the  low  numbers  of  oil  degrading 
microorganisms  may  be  overcome  by  seeding  [8,  9].  The  inoculum  will  have  to  be 
composed  of  a mixture  of  microorganisms  that  are  capable  of  enzymatic  activities 
at  low  temperatures  and  that  are  also  capable  of  degrading  the  wide  variety 
of  hydrocarbon  structures  found  in  crude  oil.  Ideally,  the  microorganisms 
will  convert  these  hydrocarbons  to  carbon  dioxide.  More  research  is  required 
to  investigate  further  the  effectiveness  of  fertilizers,  and  degradation  rates 
of  oil  under  various  snow  and  ice  interactions. 

Surface  Collecting  Agents 

Surface  collecting  agents  are  chemicals  that  are  applied  along  a spill 
boundary  to  prevent  further  spreading  or  to  compress  thin  films  into  thicker 
ones.  The  basic  requirement  of  these  collecting  agents  is  that  their  spreading 
pressure  be  greater  than  that  of  the  spilled  oil. 

Annex  10  of  the  National  Oil  and  Hazardous  Substances  Pollution  Contin- 
gency Plan  has  recently  been  extended  to  approve  certain  chemical  treating 
agents  for  use  in  combating  spills.  As  of  February  1978,  the  only  surface 
collecting  agent  which  had  been  approved  is  the  Shell  Oil  Herder.  The  Oil  Herder 
has  been  successfully  applied  at  temperatures  down  to  25°F  by  keeping  the 
solution  agitated,  however,  the  product  normally  solidifies  at  temperatures  'of 
36°F  and  because  of  this,  would  not  perform  satisfactorily  in  most  Alaskan 
environments. 

Dispersants 

Since  the  grounding  of  the  TORREY  CANYON  in  March  1976,  the  use  of  dis- 
persants has  been  severely  criticized  by  many  groups  throughout  the  world. 

However,  with  the  recent  development  of  less  toxic  and  more  effective  dispersants, 
their  use  has  become  more  widely  accepted.  Dispersants  are  chemicals  that  are 
applied  to  an  oil  slick  to  create  an  oil-in-water  emulsion.  The  resulting 
emulsion  consists  of  tiny  droplets  of  oil  and  dispersant  which  become  distributed 
in  the  water  column.  The  mixing  of  the  spilled  product  limits  spreading  on  the 
surface,  increases  the  surface  area  of  oil  available  for  biodegradation,  and 
limits  some  forms  of  environmental  damage  generally  associated  with  surface 
slicks,  such  as  damage  to  water  fowl. 

Several  self-mixing  dispersants  have  recently  been  developed.  These 
agents  use  chemical  diffusion  rather  than  mechanical  mixing  to  disperse  the 
droplets  into  the  water  column.  These  self-mixing  dispersants  produce  a smaller, 
more  uniform  oil  droplet  size  when  compared  to  dispersants  which  require  mechan- 
ical mixing.  More  importantly,  these  dispersants  do  not  require  much  external 
energy  to  disperse  the  oil  into  the  water  column. 


The  effectiveness  of  a dispersant  is  indirectly  related  to  the  slick 
thickness;  that  is,  the  thinner  the  slick,  the  more  extensive  the  dispersion. 
Thicker  oil  often  has  a higher  oil  viscosity,  which  in  turn  is  related  to  the 
air  and  water  temperature.  Therefore,  the  effectiveness  of  dispersants  will  be 
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adversely  affected  by  cold  temperatures . A thick  slick,  or  one  having  a high 
wax  or  asphalt  content,  requires  the  use  of  more  dispersant.  For  example,  one 
part  dispersant  is  generally  adequate  to  break  ten  parts  of  oil.  For  oils  with 
high  asphalt  content  or  at  very  low  temperatures,  three  or  four  times  that 
amount  of  dispersant  may  be  required. 

There  seems  to  be  direct  relationship  between  changes  in  viscosity  due 
to  temperature  and  percent  dispersal  in  the  range  of  5°  to  20°C  [10].  Taking 
20°C  and  100  percent  dispersion  as  a basis,  the  decrease  in  temperature  to  10°C 
caused  a factor  of  two  decrease  in  percent  oil  dispersed.  Similarly,  percent 
of  dispersion  dropped  by  a factor  of  three  as  the  temperature  dropped  from  20°C 
to  5°C.  Although  these  test  results  are  preliminary,  they  do  indicate  that 
dispersants  have  reduced  effectiveness  at  lower  temperatures . 

The  Environment  Canada  AMOP  sponsored  a program  investigating  the 
application  of  dispersants  in  the  Southern  Beaufort  Sea  [1].  this  study  found 
that  regardless  of  the  application  method,  it  costs  $444  to  purchase  and 
deliver  264  gallons  of  dispersant  to  a spill  site  or  $1.68  per  gallon  delivered. 

To  this  must  be  added  the  cost  of  applciation,  which  for  aircraft  platforms 
would  be  in  the  neighborhood  of  $65  per  264  gallons  or  another  $.25  per  gallon. 
Therefore,  the  total  cost  to  disperse  5.3  million  gallons  of  oil  would  be  more 
than  10  million  dollars.  These  costs  do  not  include  ancillary  equipment  and 
manpower. 

In  addition  to  the  influence  of  temperature  on  oil  dispersant  effective- 
ness and  high  costs  of  appl ication,  local  environmental  conditions  affect  the 
use  of  dispersants  in  the  arctic  regions.  The  effectiveness  of  dispersal  depends 
on  the  volume  of  water  in  which  the  oil  will  disperse,  which  is  in  turn 
influenced  by  water  depth,  and  water  turbulance.  Waters  along  many  sections 
of  the  Alaskan  coast  are  shallow  providing  a small  volume  of  water  for  disper- 
sion. In  addition  the  effects  of  ice  tend  to  dampen  wave  action  which  decreases 
the  energy  available  for  dispersion.  In  spite  of  these  problems,  dispersants 
may  still  be  the  most  effective  spill  countermeasure  available  in  some  situations. 

Dispersants  used  in  the  coastal  waters  of  the  United  States  must  be 
approved  by  the  Environmental  Protection  Agency.  Dispersants  accepted  for  use 
by  the  EPA  as  of  February  1978  are  listed  in  Table  B-ll. 

Si nkants 

A variety  of  sinking  agents  have  historically  been  employed  to  prevent 
oil  from  spreading  or  to  remove  the  environmental  hazard  of  the  oil  slick  on 
the  water  surface.  Current  federal  regulations  contained  in  Annex  10  of  the 
National  Oil  and  Hazardous  Substances  Pollution  Contingency  Plan  prohibit  the 
use  of  sinking  agents. 
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Transfer  Systems 


Background 

In  a typical  arctic  spill  scenario,  transfer  systems  are  used  to  move 
oil  collected  in  recovery  devices  or  surface  skimmers  into  the  tanks  of  a 
barge  or  other  storage  device.  In  some  cases  the  oil  may  be  pumped  directly 
from  locations  where  it  has  pooled  on  shorefast  ice  or  collected  in  openings 
in  shorefast  ice.  In  all  cases,  the  oil  may  be  mixed  with  ice  and  other  debris. 
When  the  oil  is  mixed  with  sea  water  and  ice,  the  resulting  mixture  can  be 
expected  to  be  no  lower  than  about  28°F  even  though  the  ambient  air  temper- 
ature may  be  much  lower.  Oil  pooled  on  ice  may  have  a very  low  temperature  if 
it  is  not  recovered  immediately  after  it  has  been  spilled.  When  air  temper- 
atures are  extremely  low,  this  oil  may  also  become  highly  viscous.  This 
condition  will  require  special  pumping  systems  and  equipment;  in  the  extreme 
case  the  oil  may  be  removed  by  scraping. 

Transfer  systems,  then,  operating  in  an  arctic  environment  must  be 
capable  of  functioning  at  extremely  low  ambient  air  temperatures,  they  must 
have  the  ability  of  moving  an  oil/water/ice  mixture,  and  in  some  cases, 
they  must  be  able  to  move  oil  with  high  viscosity  resulting  from  very  low 
temperatures. 

In  considering  the  problem  of  moving  fluids  one  immediately  thinks  of 
a pump;  however,  when  considering  moving  fluids  in  the  arctic  it  is  necessary 
to  include  the  entire  transfer  system.  The  basic  elements  of  such  a transfer 
system  may  generally  be  thought  of  as  including  a prime  mover,  a pump,  a 
hose,  and  the  fluid  to  be  moved,  which  in  this  case  is  the  oil  or  an  oil/water/ 
ice  mixture.  The  paragraphs  that  follow  briefly  describe  the  elements  of  the 
transfer  system  and  the  special  problems  each  system  element  may  have  in  the 
arctic  environment. 

Transfer  System  Components 

• The  Prime  Mover  - This  system  element  is  the  power  source  for  the 
transfer  system.  The  prime  mover  is  generally  a gasoline  engine,  diesel 
engine,  or  a gas  turbine.  In  addition  to  the  usual  space,  weight,  and  power 
requirements,  the  prime  mover  in  the  arctic  has  problems  in  starting  and 
operating  in  extremely  cold  temperatures.  In  the  cold  weather  tests  of  the 
Coast  Guard  ADAPTS  system,  the  air  cooled  diesel  prime  mover  was  started  at 
an  air  temperature  of  -40° F,  but  some  problems  were  involved  [14].  For 
example,  it  was  necessary  to  spray  ether  directly  into  the  air  intake  filter 
and  crank  the  engine  much  longer  than  normal  to  achieve  a successful  start. 

Other  problems  also  had  to  be  solved:  air  cooling  had  to  be  reduced  to  get 
normal  engine  operating  temperature;  special  lube  oil  was  required;  the 
engine  oil  temperature  gage  did  not  operate  at  -40°F;  synthetic  rubber  seals 
and  gaskets  leaked;  engine  V-belts  cracked;  seals  leaked  in  the  hydraulic 
drive  unit  for  the  systems  submersible  pump,  and  special  hydraulic  fluid 
was  required.  These  problems  were  solved  by  identifying  special  seals  and 
gaskets,  special  fan  belts,  and  special  fluids  to  use  in  the  various  systems. 


B-41 


These  kinds  of  problems  may  be  expected  in  adapting  any  prime  mover  for  use 
in  the  arctic. 

As  an  alternative  to  starting  the  prime  mover  at  extremely  cold 
temperatures,  it  is  comnon  arctic  practice  to  enclose  the  engine  in  a heated 
shelter  or  to  use  a portable  heater  to  bring  the  engine  up  to  a higher 
temperature  before  attempting  to  start  it.  Once  started,  the  diesel  may  be 
kept  running  as  long  as  it  is  needed.  Although  this  reduces  the  starting 
problem,  many  of  the  same  precautions  for  cold  weather  starting  still  apply. 

* The  Pump  - Although  a great  many  different  kinds  of  pumps  are  suitable 
for  transfer  systems  in  the  lower  latitudes,  the  requirements  of  low  temper- 
ature operations  generally  limit  those  available  to  one  or  two  choices.  The 
special  problems  involve  high  viscosity  of  oil  at  low  temperatures  and  the 
requirement  to  pass  some  ice  and  debris  along  with  the  recovered  product.  The 
pumps  that  may  be  considered  for  use  in  this  system  include  diaphram,  centri- 
fugal, positive  displacement  or  progressive  cavity,  and  vertical  turbine  pumps. 
Air,  steam,  and  hydraulic  lift  systems  are  generally  not  practical  for  these 
transfer  systems  because  of  the  nature  of  the  fluid  to  be  moved  and  the  way  in 
which  system  components  must  be  arranged. 

*i 

Recent  tests  of  centrifugal,  positive  displacement,  and  vertical 
turbine  pumps  clearly  show  the  relative  effectiveness  of  these  devices  in 
moving  cold,  highly  viscous  oils  [13].  Although  five  separate  pumps  were 
evaluated  in  these  tests,  the  system  tradeoffs  can  be  illustrated  by  just 
, showing  results  for  each  pump  type. 


The  test  used  the  heavy  No.  6 Bunker-C  oil  as  a test  fluid.  Although 
this  oil  is  much  more  viscous  than  crude  oil,  which  may  be  about  equivalent 
to  No.  4 oil,  crude  oil  may  have  a comparable  viscosity  in  the  arct’c  as  a 
result  of  being  pooled  on  ice  in  extremely  low  ambient  air  temperatures. 

Figure  B-l  shows  the  general  range  of  oil  viscosity  according  to  the  fuel 
number  designation.  The  pumps  selected  to  illustrate  general  system  capa- 
bilities are  the  F’rosser  centrifugal  pump,  the  Moyno  progressive  cavity  pump, 
and  the  Gyron-Jackson  vertical  turbine  pump.  Figures  B-2  through  B-4  show 
the  results  of  these  tests  in  terms  of  flow  and  pressure  for  various  oil 
temperatures . 

Figure  B-2  shows  that  the  centrifugal  pump  has  a high  flow  capacity 
as  long  as  the  temperature  of  the  fluid  is  relatively  high  but  as  the  temper- 
ature drops,  and  oil  viscosity  increases,  the  flow  capacity  also  drops  rapidly. 
Figure  B-3  shows  similar  capability  for  the  vertical  turbine  pump.  Figure 
G-4  shows  that  the  progressive  cavity  pump  has  a generally  lower  flow  rate  but 
the  rate  is  not  reduced  nearly  as  much  as  a result  of  change  in  temperature. 

In  this  particular  test  the  vertical  turbine  pump  was  found  to  be  unsuitable 
for  pumping  highly  viscous  oil.  Although  this  particular  study  found  the 
centrifugal  pump  to  be  best  for  pumping  viscous  oil,  the  progressive  cavity 
pump  is  generally  best  for  arctic  use  because  it  is  effective  for  a wide  range 
of  oil  viscosity  and  also  has  a high  tolerance  in  pumping  water,  debris,  and 
ice  mixed  with  the  oil.  Also,  in  extremely  cold  weather,  centrifugal  and 
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VISCOSITY  ( sSu ) 


PRESSURE 


FIGURE  B-2  PROSSER  »1  CENTRIFUGAL  PUMP  AT 
2200  RPM  AFTER  MITTLEMAN  [13] 
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vertical  turbine  pumps  have  problems  with  impeller  clearances  and  pump  seals. 
The  progressive  cavity  pump  has  a helical  steel  rotar  inside  a helical 
synthetic  rubber  stator.  The  soft  stator  gives  it  capability  to  pass  fairly 
large  solids  and  it  does  not  have  the  cold  weather  problems  of  clearances 
typical  of  the  all-metal  pumps  [12]. 

• The  Hose  - A normal  pump  discharge  hose,  such  as  the  one  used  in  the 
ADAPTS  system,  is  generally  only  suitable  down  to  0°F  and  may  be  brittle 

and  crack  at  temperatures  of  -40°F  [14].  This  hose  therefore  must  be  replaced 
with  special  low  temperature  hose  plus  low  temperature  seals.  Although  the 
product  mixture  may  be  considered  to  be  at  +28"F,  the  oil/water/ice  mixture 
may  still  freeze  and  clog  the  hose  if  there  is  a considerable  distance  between 
the  pump  and  storage  container  or  if  the  hose  rests  on  cold  shorefast  ice. 

To  prevent  clogging  by  freezing  it  may  be  necessary  to  insulate  the  hose  or 
even  heat  it. 

• The  Oil  - Oil  is  basically  the  fluid  to  be  transferred  however  the 
oil  may  generally  be  expected  to  be  mixed  with  sea  water,  debris,  and  ice. 
Large  pieces  of  debris  and  ice  must,  of  course,  be  rejected  at  the  pump 
suction,  but  it  is  desirable  and  even  necessary  for  a pump  used  in  the  arctic 
to  pass  small  pieces  of  ice.  In  a recent  test  several  progressive  cavity 
pumps  were  successful  in  passing  pieces  of  ice  with  a 3/4"  diameter.  One 
double  acting  diaphram  pump,  specially  designed  to  handle  water/oil/solid 
mixtures  in  oil  cleanup  operations,  is  expected  to  pass  solids  with  a 3" 
diameter.  The  results  of  the  test  of  the  diaphram  pump  are  not  available 

at  this  writing. 

Transferring  high  viscosity  oil  is  another  problem  that  occurs  during 
arctic  cleanup  operations.  This  problem  is  generally  solved  by  using  a pump 
suitable  for  transferring  high  viscosity  fluids.  In  some  cases,  however, 
it  may  be  desirable  to  attempt  to  reduce  the  viscosity  of  the  oil.  This 
can  be  accomplished  by  a number  of  methods. 

First,  a. stirring  propeller  located  ahead  of  the  pump  intake  can 
reduce  the  apparent  viscosity  of  the  oil.  This  procedure  is  effective  in 
improving  the  performance  of  a positive  displacement  pump  used  with  very 
thick  oils  [12]. 

Oil  viscosity  can  also  be  reduced  by  heating.  This  can  be  accomplished 
by  the  use  of  portable  steam  heating  coils,  electric  heating  coils,  or  even 
hot  oil-spray  heating  [12].  In  most  cases,  arctic  oil  recovery  devices  are 
mounted  on  small  craft  or  employed  at  remote  installations  that  are  not  likely 
to  have  access  to  steam.  Electric  heating  of  a recovery  sump  may  be  possible 
providing  the  power  requirements  are  not  high. 

The  viscosity  of  the  collected  product  can  also  be  reduced  by  diluting 
it  with  less  viscous  soluable  fluid.  This  may  be  possible  in  some  cases 
however  it  involves  a logistics  problem  in  obtaining  the  solvent  and  increas- 
ing the  storage  volume  requirement  for  the  recovered  product. 
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Summary 


A considerable  amount  of  development  and  testing  has  been  done  to 
produce  an  effective  arctic  transfer  system.  Progress  has  been  made  to  adapt 
and  change  system  components  so  that  they  function  in  the  cold  arctic  temper- 
atures. Several  tests  have  been  conducted  with  pumps  transferring  highly 
viscous  oil  but  there  is  less  experience  pumping  the  typical  arctic  oil/water/ 
ice  mixture.  Generally  the  progressive  cavity  or  positive  displacement  pumps 
are  favored  for  this  purpose,  however  even  these  are  only  capable  of  passing 
relatively  small  pieces  of  ice.  A double  acting  hydraulically  driven  diaphram 
pump  specifically  designed  for  the  oil/water/ice  mixture  has  been  developed 
and  is  being  tested  in  Canada,  however  the  results  of  these  tests  are  not 
known  as  of  this  writing  [15].  While  much  progress  has  been  made  on  arctic 
transfer  system  components,  a prototype  system  has  not  been  developed. 
Development  of  a complete  arctic  transfer  system  remains  a high  priority 
R&D  project. 

Storage 

Some  form  of  temporary  storage  is  often  required  when  responding  to 
an  oil  spill.  The  primary  function  of  storage  is  usually  as  a buffer  between 
mechanical  recovery  and  disposal.  In  addition,  smaller  containers  may  be 
useful  in  ferrying  oil  from  the  skinnier  to  a tanker  or  a holding  unit  with  a 
larger  capacity.  Means  of  storage  include: 

Natural  Onshore  or  Ice  Features  - such  as  lakes,  coves,  or 
shorefast  ice 

Portable  Floating  Containers  - both  static  and  towable 

Marine  Vessels  - such  as  ships  and  barges 

Collapsible  Land  Based  Storage  - including  pillow  tanks 

Other  Land  Based  Storage  - such  as  tank  trucks  and  oil  drums 

Natural  ice  features  may  be  used  as  short  term  storage.  Oil  could  be 
pumped  onto  ice  where  it  could  be  held  by  natural  ice  barriers  or  manmade 
barriers.  Such  barriers  could  be  constructed  by  building  a berm  on  shorefast 
ice  and  spraying  it  with  water  to  form  an  ice  lining.  The  use  of  shore 
features  such  as  bays,  beaches,  or  coves  is  likely  only  when  there  are  no 
other  near-term  solutions.  The  use  of  natural  onshore  features  such  as 
natural  reservoirs  is  only  justified  if  the  potential  ecological  threat  of 
an  uncontrolled  spill  far  outweighs  the  local  damage  from  the  use  of  this 
storage  technique. 

Portable  floating  containers  offer  an  excellent  means  of  storage  if 
the  recovered  oil  is  free  of  debris.  Some  of  the  floating  containers  which 
are  towable  are  also  air  deployable,  such  as  the  type  manufactured  by  Dunlop. 
The  French  Caiman  is  another  towable  container,  but  it  has  permanently 
pressurized  floating  tanks  which  make  it  non-air  deployable.  Another  storage 
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device,  called  a donut,  is  a modified  version  of  the  U.  S.  Navy  oil  disposal 
raft.  Table  B-12  is  a suimiary  of  floating  containers  which  are  currently 
available.  These  containers  can  be  used  in  open  water  conditions  in  the 
arctic,  but  are  vulnerable  to  puncture  when  used  in  the  presence  of  ice. 

Icebreaking  tankers,  which  are  presently  being  developed,  could 
potentially  be  employed  in  the  future  for  large  volume  aquatic  oil  spills  in 
ice  infested  waters.  Tank  barges  may  also  be  useful  in  storing  oil  under 
certain  conditions.  Barges  and  ships  have  the  added  advantage  of  being  use- 
ful as  work  platforms  and  can  sometimes  offer  the  additional  capability  of 
separating  recovered  oil  and  water. 

Pillow  tanks  or  water  bags  can  be  used  for  temporary  storage.  They 
have  the  advantage  of  being  easily  transportable  and  are  commercially 
available.  They  can  be  placed  on  tugs  and  ships,  or  can  be  placed  on  large 
ice  floes  or  shorefast  ice.  In  addition,  a pillow  tank  can  be  used  on 
land  and  in  a permafrost  area  since  it  has  the  ability  to  shift  as  the 
qround  beneath  thaws.  Table  B-13  is  a list  of  representative  commercial 
pillow  tanks.  Open  topped  containers  listed  in  Table  B-14  can  be  used  on 
a stable  platform.  Portable  swimming  pools  can  also  be  used  as  temporary 
storage,  providing  an  economical  and  easily  transportable  means  of  storage 
in  remote  areas. 

Land-based  tank  trucks  can  also  provide  storage  capacity.  Tank 
trucks  commonly  used  to  transport  petroleum  products  typically  have  a 
capacity  of  1,000  to  6,500  gallons.  Vacuum  trucks  typically  have  holding 
capacities  varying  from  1,000  to  4,500  gallons.  Skid-mounted  rigid 
wall  tanks  and  oil  drums  could  also  be  used  as  closed  or  open  top  con- 
tainers. Permanent  storage  tanks  located  on  shore  could  be  used  for 
holding  the  oil  if  a means  of  moving  the  oil  to  the  tanks  can  be  provided. 


Disposal  of  recovered  oil  can  take  place  by  either  salvage  or  by 
incineration.  Salvage  is  defined  as  the  reuse  of  the  recovered  oil. 
Incineration  refers  to  the  disposal  of  the  oil  by  burning  with  mechanical 
means.  This  does  not  include  in  situ  burning  which  was  discussed  under 
recovery . 

Salvage 


There  are  a variety  of  ways  to  use  oil  recovered  from  a spill. 
Salvage  of  recovered  oil  in  Alaska,  however,  presents  special  problems. 

Many  of  the  secondary  uses  for  recovered  oil  typically  employed  in  the 
lower  latitudes  are  often  not  feasible.  Some  of  these  include  the  use  of 
oil  for  lower  grade  products  such  as  asphalt,  road  oiling  or  weed  control. 
Burial  and  land  spreading  are  other  methods  of  disposal  which  are  sometimes 
successfully  employed  in  lower  latitudes  but  are  generally  not  possible 
in  Alaska. 


One  method  of  salvaging  the  oil  would  be  to  deliver  the  recovered 
product  to  a local  refinery.  However,  the  practicality  of  this  method 
often  limits  its  use.  The  logistics  problems  and  the  required  additional 
oil  processing  make  this  alternative  uneconomical  most  of  the  time. 

The  use  of  existing  pipelines  could  provide  another  means  of  salvage. 
The  recovered  product,  provided  it  is  not  considerably  contaminated,  could 
possibly  be  pumped  into  a pipeline.  This  would  be  feasible  if  a large 
volume  of  oil  is  being  transported  through  this  pipeline,  and  if  the 
recovered  oil  is  injected  into  the  pipeline  in  small  amounts.  There  may 
be  little  effect  on  the  quality  of  the  oil  at  the  pipeline  terminal. 

Reinjection  of  the  recovered  oil  into  a well  is  another  attractive 
al ternati ve. 

Incineration 

Incineration,  as  opposed  to  in  situ  burning,  involves  some  kind  of 
recovery  activity  before  disposal.  The  recovered  oil  is  disposed  of  by  some 
type  of  mechanical  burning  device.  These  devices  include  open  flame  burners, 
open  pit  burners  and  rotary  kilns.  All  of  these  devices  have  the  advantage 
of  being  transportabl e to  the  spill  site,  and  could  be  used  to  burn  the  oil 
in  an  area  adjacent  to  the  storage  containers. 

The  open  flame  burners  have  the  potential  for  disposing  of  approxi- 
mately 350  g-il/min  of  oil  at  the  spill  site.  These  devices  can  presently 
be  disassembled  and  transported  in  a C-130  aircraft.  However,  development  is 
required  to  make  them  transportable  by  helicopter  on  pallets  so  they  could  be 
readily  used  on  scene.  The  open  flame  burners  can  accept  a product  that 
contains  small  bits  of  rock,  sand  and  debris,  however,  the  limitation  of 
the  debris  size  has  not  been  established.  These  devices  can  also  handle 
a considerable  amount  of  water  mixed  with  the  oil  and  still  maintain  a 
clean  burn.  The  open  flame  burners  may  have  problems  in  disposing  of 
oil  of  high  viscosity. 

Rotary  kiln  burners  can  be  used  to  burn  oil  mixed  with  nearly  any 
kind  of  waste.  The  Envi rongenics  Rotary  Kiln  Burner  was  designed  to  clean 
oil  from  beach  sand  and  debris  and  could  clean  2(1,000  lbs.  of  sand  per  hour 
containing  5,000  lbs.  of  oil.  Although  designed  for  mixtures  of  oil  and 
sand,  it  appears  that  with  slight  modification  it  could  be  used  for  a mixture 
of  oil,  snow,  ice  and  other  debris. 

Open  pit  burners  can  be  used  to  dispose  of  large  quantities  of  oil 
and  oiled  debris.  A unit  weighing  between  20  to  30  tons  could  dispose  of  up 
to  1 ton  per  hour  of  oiled  debris.  These  devices  have  the  advantage  of  easy 
fuel  handling,  no  requirements  for  skilled  labor,  low  maintenance,  and  a 
low  investment.  There  are  presently  no  air  transportable  units  available; 
however,  the  problem  is  under  study  by  the  Canadian  Environmental  Protection 
Service.  Although  the  disposal  rate  of  open  pit  burners  is  not  as  great  as 
that  of  open  flame  burner,  they  could  be  effective  in  the  arctic  in  disposing 
of  high  viscosity  oil  and  oiled  debris. 
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TABLE  B-l  3 EVALUATION  OF  COLLAPSIBLE  PILLOW  BAGS 
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TABLE  B-13  EVALUATION  OF  COLLAPSIBLE  PILLOW  BAGS 
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APPENDIX  C 

INVENTORY  OF  ALASKAN  OIL  SPILL  ABATEMENT  EQUIPMENT 


A list  of  equipment  currently  located  in  the  state  of  Alaska  which 
has  been  designated  for  possible  use  in  the  event  of  an  oil  spill  is  pre- 
sented on  the  following  pages.  A list  of  Alaskan  organizations  surveyed  for 
the  spill  equipment  inventory  appears  in  Table  C-l.  This  survey  was  conducted 
by  Crowley  Environmental  Services  Corporation,  Anchorage  under  subcontract. 

Information  obtained  by  Crowley  was  reorganized  to  fit  the  format 
of  the  oil  spill  response  system  equipment  lists.  Therefore,  manpower  figures 
and  miscellaneous  hand  tools  have  not  been  included.  Also,  items  that  could 
be  used  in  more  than  one  subsystem  have  only  been  listed  once.  As  an 
example,  helicopters  and  light  aircraft  have  been  listed  in  the  surveillance 
category  and  not  in  the  logistics  or  emergency  evacuation  categories.  For 
the  sake  of  completeness,  the  emergency  evacuation  subsystem  has  been  expanded 
to  include  firefighting  and  safety  equipment. 

It  should  be  noted  that  some  of  the  equipment  that  is  included  may 
not  be  currently  operational.  Therefore,  before  relying  on  existing  equip- 
ment for  any  contingency  planning,  a survey  of  the  operational  state  of  the 
equipment  and  the  logistics  requirements  associated  with  its  use  should  be 
made. 


C-l 


TABLE  C-1.  ORGANIZATIONS  SURVEYED  FOR  THE  ALASKA  OIL 
SPILL  EQUIPMENT  INVENTORY  LIST 


Federal  Agencies 
EPA 

Coast  Guard 

Army 

Navy 

Air  Force 

Corps  of  Engineers 

Bureau  of  Land  Management  (U.S.B.L.M.) 

Fish  and  Wildlife  Service  (U.S.F.&W.S. ) 

Federal  Aviation  Administration 
USGS  Oil  and  Gas  Division 
USGS  Water  Resources  Division 
Alaska  Railroad 
Alaska  Pipeline  Office 
National  Park  Service 
Public  Health  Service 
Alaska  Marine  Highway 

Alaska  Department  of  Environmental  Conservation 
Alaska  Department  of  Fish  and  Game 
Alaskan  Cities 
Native  Organizations 

Volunteer  Organizations  CIRO-Cook  Inlet  Response  Organization 
CIRO  Member  Companies 
Amoco 
Arco 

Cook  Inlet  Pipeline  Company 
Chevron 

Kenai  Pipeline 

Nikiski  Alaska  Pipeline 

Marathon 

Mobil  Oil 

Phillips 

Shell  Oil 

Tesoro  Alaskan 

Texaco 

Union 

GOACO-Gulf  of  Alaska  Cleanup  Organization 
Upper  Cook  Inlet  Marine  Committee 
Crowley  Environmental  Services 
R&S  Pumping 

Wade's  Pollution  Solution 
Alaska  Pollution  Control 

Alyeska  Pipeline  Service  Company-Maintenance  and  Pump  Stations 
Alyeska  Pipeline  Service  Company-Valdez  Terminal 


TABLE  C-l . ORGANIZATIONS  SURVEYED  FOR  THE  ALASKA  OIL 
SPILL  EQUIPMENT  INVENTORY  LIST  (CONTINUED) 


Arco-Prudhoe  Bay 

BP  Alaska-Prudhoe  Bay 

North  Pole  Refinery 

Chevron  Marketing 

Other  Oil  Companies-Marketing 

Arctic  Lighterage-Kotzebue 

Arctic  Lighterage -Nome 

Captain's  Bay  Tank  Farm 

Ketchikan  Pulp 

Alaska  Lumber  and  Pulp 

Mar  Enterprises 

Kenai  Pumping 

AAA  Pumping 

Alaska  Commercial  Company 
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1 " 
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Sorbents  10 Sorbent  rolls 

50 Sorbent  pads  (boxes 

T5~  ^Oil  Snare~Tboxes) 
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Drift  River  Cook  Inlet 

(Cook  Inlet  Pipeline  Company 
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Oil  Mop  oil /water  separator,  | 1 | R-10  Anchorage  Crowley  Envi ronmantal 

10  gpm  ' Services 
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RESPONSE  EQUIPMENT 
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Steel  tanks  | 3 | 6,700-bbl  capacity  bolted  Prudhoe  Bay  ARCO 

(dismantled)  ' 
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Vacuum  tanks  with  pump  1 (trailer-mounted) 
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Pumps  2 3"  Homelite  trash  pumps  and  Prudhoe  Bay  BP  Alaska 

hoses 
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Support  Equipment  2 Portable  air  compressors 

120-psi,  3,000-1 b 
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Oil  spill  containment  kit 
Crew  complement 
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Vessels  1 I Zodiac  (11/30/77*)  Cook  Inlet 
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Bruckers  40  hp  diesel 
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Case  580  front-end  loader 
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8 aluminum  pipe  with 
threaded  connections 
20'  van  with  handtools,  pro 
tective  clothing,  bird 
cleaning  gear 
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Equipment 


Helicopters  (See  Surveillance 


3,000  gallon  water  truck  with 
500  gpm  pump 


APPENDIX  D 

NOTES  ON  THE  BEHAVIOR  OF  OIL  SPILLED  IN  ICE- INFESTED  WATERS 


Spilled  oil  immediately  interacts  with  the  environment,  undergoing  a 
series  of  physical  and  chemical  changes.  The  nature  of  these  changes  are 
dependent  upon  the  type  of  oil  and  the  environmental  conditions  associated 
with  the  spill.  The  development  of  oil  spill  response  scenarios  is  highly 
dependent  upon  the  assumptions  made  concerning  the  behavior  of  the  oil  over 
an  extended  period  of  time.  While  our  knowledge  of  the  behavior  of  oil 
spilled  in  ice-fested  waters  is  elementary  at  best,  limited  field  and 
laboratory  test  programs  have  provided  some  insight  into  the  problem. 

This  appendix  is  a brief  summary  of  the  present  knowledge  of  oil  spill 
behavior  in  ice-infested  waters  in  a form  suitable  for  application  to  the 
objectives  of  this  study.  The  projections  of  oil  spill  behavior  pre- 
pared for  each  of  the  six  arctic  oil  spill  scenarios  and  the  three 
subarctic  oil  spill  scenarios  are  based  on  this  information.  The  discussion 
on  oil  spill  behavior  is  divided  into  the  following  sections: 

Temperature  effects  on  oil  properties 

Temperature  effects  on  oil  aging 

Oil  mixed  with  snow 

Oil  interaction  with  solid  ice 

Oil  in  broken  ice  fields 

Oil  spilled  on  cold  water 

Oil  behavior  in  dynamic  ice  conditions. 

Temperature  Effects  On  0 ij_  Pro pert ies 

The  composition  of  the  spilled  oil  is  of  primary  importance  in 
determining  the  temperature  effects  on  oil  properties.  Unfortunately, 
the  chemical  composition  of  oil  is  quite  complex,  and  varies  greatly  with 
different  geologic  and  geographic  origins  as  well  as  the  processing,  if 
any.  For  the  purpose  of  this  study,  three  oil  types  have  been  identified 
as  being  associated  with  petroleum  development  operations  in  offshore 
Alaska.  These  oil  types  include  crude,  arctic  diesel,  and  bunker  C. 

The  presence  of  crude  oil  in  offshore  Alaska  is  not  yet  proven  and  in 
the  absence  of  better  information  its  characteristics  are  assumed  to  be 
similar  to  Prudhoe  Bay  crude,  which  has  an  API  specific  gravity  of  27 
and  a pour  point  of  -5°F.  Light  fuel  oil  will  be  used  for  fueling  the 
oil  exploration  and  production  operations,  with  arctic  diesel  which  has  an 
API  specific  gravity  of  42  and  a pour  point  of  -70"F,  being  the  most  re- 
presentative type.  Heavy  fuel  oil  such  as  bunker  C will  likely  power  the 
the  crude  oil  tankers  which  will  eventually  be  required  for  product 


transportation.  Recognizing  that  the  properties  of  bunker  fuels  vary 
widely,  bunker  C was  assumed  to  have  an  API  specific  gravity  of 
15  and  a pour  point  of  50°F.  It  should  be  noted  that  these  oil 
properties  represent  an  estimate  of  the  properties  of  the  oil  which 
could  be  involved  in  spill  incidents  in  offshore  Alaska.  Particularly  in 
the  cases  of  crude  oil  and  bunker  fuels,  the  oil  which  could  be  involved 
in  future  offshore  Alaska  spill  incidents  could  have  properties  which  are 
substantially  different  from  those  selected  as  typical  for  this  study. 

The  effect  of  these  differences  on  oil  spill  behavior  could  be  substantial. 


The  major  oil  properties  which  influence  the  behavior  of  spilled 
oil  are  the  surface  tension,  viscosity,  and  specific  gravity.  The  surface 
tension  and  viscosity  govern  the  spreading  rate  of  the  oil.  The  viscosity 
is  an  important  property,  with  light  oil  of  low  viscosity  tending  to  be 
absorbed  more  easily  into  materials,  and  highly  viscous  oil  tending  to 
adhere  to  surfaces.  Viscosity  also  has  a great  influence  on  the  choice 
of  cleanup  procedures.  Specific  gravity  affects  the  ease  with  which  the 
oil  mixes  throughout  the  water  column.  Each  of  these  properties  effecting 
the  behavior  of  spilled  oil  must  be  interpreted  in  terms  of  temperature. 


Surface  tension  increases  as  the  temperature  decreases,  and  can  vary 
typically  from  20  to  37  dynes  per  centimeter.  Figure  0 1 illustrates  the 
temperature  dependency  of  surface  tension  for  Prudhoe  Bay  crude  oil.  Vari- 
ations in  surface  tension  play  an  important  role  in  determining  whether 
oil  will  spread  at  an  interface  and,  if  so,  to  what  extent.  Surface  tension 
is  also  an  important  consideration  when  investigating  the  rise  and  breakup 
of  buoyant  plumes,  as  in  the  case  of  a sea  floor  blowout.  In  addition, 
it  is  important  in  determining  the  spread  of  one  liquid  over  another  liquid 
or  solid,  such  as  oil  on  a cold  water  surface,  or  on  or  under  ice.  Surface 
tension  effects  in  cold  regions  have  been  the  subject  of  several  research 
programs  [1  through  6]. 

The  viscosity  of  many  petroleum  products  increases  rapidly  as  the 
temperature  drops  as  illustrated  by  Figure  0-2  [1].  Temperature  dependent 
viscosity  can  have  a significant  impact  on  the  outcome  of  a spill  incident. 
In  the  winter  of  1970,  the  barge  IRVING  WHALE  sank  in  the  Gulf  of  the  St. 
Lawrence  with  a load  of  bunker  C oil  having  a pour  point  of  50°F.  The  oil 
from  the  sunken  barge  solidified  after  cooling  to  the  sea  temperature  of 
28°F  and  blocked  the  vent  pipes,  stopping  the  leak.  Cleanup  procedures  can 
also  be  greatly  influenced  by  the  viscosity  of  the  oil.  When  the  oil 
becomes  very  viscous,  it  does  not  flow  and  conventional  pumps  may  not  be 
capable  of  transferring  the  oil.  Also,  highly  viscous  oil  tends  to  adhere 
to  surfaces  and  is  not  easily  scraped  off  with  the  result  that  some  oil 
recovery  devices  experience  reduced  effectiveness  when  operating  in  oils 
of  very  high  viscosity.  Several  reports  discuss  the  effects  of  temperature 
on  oil  viscosity  [1,  2,  8]. 

The  specific  gravity  of  oil  increases  with  decreasing  temperature,  as 
shown  in  Figure  0-3  for  the  case  of  Normal  Wells  and  Swan  Hills  crude  [3]. 
Consideration  of  the  temperature  effect  on  specific  gravity  is  important 
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in  projecting  whether  oil  will  spread  on  top  of,  or  underneath,  an  ice  cover 
when  given  the  opportunity.  The  density  of  oil  as  a function  of  temperature 
can  vary  between  0.7  and  1.1  g/ml.  In  comparison,  the  density  of  sea  ice  is 
0.91  g/ml  and  the  density  of  sea  water  is  1.03  g/ml.  In  cases  in  which 
low  temperatures  cause  the  density  of  the  spilled  oil  to  exceed  the  density 
of  water,  the  oil  obviously  sinks. 

Temperature  Effects  On  Oil  Aging 

Changes  in  oil  properties  result  from  several  processes  grouped  under 
the  term  aging.  The  aging  rate  of  spilled  oil  in  cold  climates  has 
been  found  to  be  substantially  different  from  that  recorded  in  warmer 
climates.  The  aging  of  oil  is  governed  by  three  types  of  processes: 
physical  processes  such  as  evaporation,  dissolution,  emulsification,  and 
absorption;  chemical  processes  such  as  direct  oxidation  and  reduction 
reactions  in  the  water  column;  and  biological  processes  such  as  aerobic  and 
anaerobic  microbial  degradation. 

During  the  early  stages  of  a spill  the  aging  of  the  oil  is  primarily 
governed  by  the  physical  processes  of  evaporation  and  dissolution. 

Evaporation  is  the  process  by  which  low  molecular  weight  compounds  are 
volatized  into  the  atmosphere.  The  evaporation  rate  is  primarily  controlled 
[ s by  the  partial  vapor  pressure  of  the  individual  components  of  the  oil,  the 

ambient  air  temperature,  and  the  average  wind  velocity.  Dissolution  is  the 
process  by  which  low  molecular  weight  compounds  are  dissolved  into  the  water 
j , column.  The  dissolution  rate  is  affected  by  the  partial  vapor  pressure 

of  the  individual  components  of  the  oil,  the  ambient  water  temperature, 
and  the  water  turbulence.  Volatile  components  are  defined  here  as  those 
with  a boiling  point  less  than  518°F  [9].  The  initial  loss  of  these 
volatiles  is  proportional  to  the  amount  of  volatile  material  present. 

Arctic  diesel  oil  normally  has  all  of  its  components  below  the  518°F 
boiling  point,  and  Prudhoe  Bay  crude  oil  has  33%  of  its  components  below 
the  specified  boiling  point  as  shown  in  Figure  D-4. 

The  rates  at  which  these  volatile  components  are  dispersed  into 
the  water  column  and  atmosphere  are  dependent  upon  the  particular  petrol- 
eum product,  the  ambient  air  and  water  temperature,  wind  velocity,  and 
water  turbulence.  Simulated  weathering  tests  [9,  10]  under  controlled 
conditions  indicated  that  virtually  all  hydrocarbons  smaller  than  Cl 5 
(boiling  point  less  than  518°F)  will  volatize  from  the  sea  surface  within 

10  days;  many  lighter  petroleum  materials  tend  to  disappear  in  even  shorter 
time  periods.  This  implies  that  arctic  diesel  spilled  in  temparate 
climates  would  disappear  within  10  days.  Also,  about  33%  of  the  crude  oil  and 
approximately  10%  of  the  bunker  C oil  would  be  lost  within  this  time 
period.  There  have,  however,  been  reports  of  actual  spill  incidents 

where  these  rates  were  much  slower  [11].  These  rates  have  not  been 
determined  for  cold  regions  where  cold  temperatures,  ice,  and  snow 
greatly  affect  the  aging  process. 

The  evaporation  rate  can  be  greatly  affected  by  cold  regions  environ- 
mental conditions.  In  a spill  which  occurred  at  Deception  Bay  [7],  diesel 

011  spilled  on  ice  in  an  open  pool  showed  a loss  of  only  about  2 to  4%  of  its 


lightest  fraction  after  a period  of  several  days.  In  temperate  climates, 
the  diesel  oil  would  have  evaporated  much  more  quickly.  It  was  concluded 
that  the  ice  sheltered  the  oil  from  the  wind,  resulting  in  a reduction  of  the 
evaporation  rate.  Also,  it  appeared  that  the  vapor  pressure  of  most  of  the 
diesel  oil  components  was  of  the  same  order  of  magnitude  or  less  than  that 
of  the  ice  and  water  at  32°F.  Thus,  as  soon  as  the  oil  absorbed  some 
energy,  it  quickly  lost  an  important  fraction  of  it  to  the  adjoining  ice 
and  water  as  it  reached  temperature  equilibrium.  This  could  partially 
account  for  the  reduced  evaporation  rate. 

Little  dissolution  into  the  water  column  has  been  observed  for  oil 
spilled  underneath  ice.  In  a field  study  of  oil  spilled  underneath  ice, 

Adams  [12]  reported  that  where  little  water  turbulence  was  present, 
salinity  was  increased  and  the  temperature  was  slightly  raised  in  the 
water  column  directly  below  the  contaminated  ice.  However,  only  the 
top  few  meters  of  the  water  column  were  affected  by  the  spill.  The 
chemical  composition  of  the  water  below  the  ice  was  not  significantly 
altered  by  the  presence  of  the  oil. 

The  effects  of  cold  temperatures  on  oil  aging  was  further 
illustrated  by  field  tests  conducted  by  the  U.  S.  Coast  Guard  [8]. 

These  tests  resulted  in  the  conclusion  that  the  aging  of  crude  oil  in  the 
arctic  winter  is  considerably  slower  than  it  is  in  the  warmer  summer 
as  shown  in  Figure  D-5,  but  that  oil  does  age  during  the  cold  winter 
months.  Figure  D-5  also  shows  the  variations  that  can  exist  in  aging 
due  to  the  surface  on  which  the  oil  is  spilled. 

The  dependency  of  aging  on  the  type  of  surface  the  oil  spreads  on 
can  be  further  illustrated  by  the  following  spill  incidents.  NORCOR  [13] 
reported  that  losses  due  to  the  aging  of  oil  underneath  an  ice  cover  were 
in  the  range  of  1 /9th  of  the  loss  for  a sample  exposed  to  the  atmosphere 
over  the  same  period.  Ramsier  [7]  reported  that  in  a spill  in  olving  arctic 
diesel  oil  and  gasoline  in  Deception  Bay,  oil  was  quickly  absorbed  by  the 
porous  ice  surface,  with  the  resulting  evaporation  rate  being  only  25 % 
of  the  rate  from  the  free-surface.  Deslauriers  [14]  reported  varying 
degrees  of  aging  for  different  oil,  ice,  and  snow  interactions.  After 
12  days,  diesel  oil  underneath  the  ice  cover  lost  6%  of  its  volume,  oil 
intermixed  with  snow  lost  12",  oil  from  an  oil  pool  on  the  ice  lost  13%,  oil 
spread  thinly  over  the  ice  surface  lost  30%,  and  oil  absorbed  into  ice 
projecting  into  the  air  lost  47%  of  its  volume.  While  these  studies  show 
that  broad  variations  in  weathering  can  exist,  no  systematic  studies  of 
weathering  in  cold  regions  have  been  performed  for  the  types  of  oil  of 
interest  in  this  study. 

The  aging  process  can  also  drastically  alter  the  oil's  surface 
tension,  viscosity,  and  specific  gravity.  The  surface  tension  of  oil 
increases  as  the  volatile  components  are  evaporated  [15].  This  increase 
in  surface  tension  varies  linearly  with  evaporative  weight  loss.  Increases 
in  the  viscosity  and  density  of  oil  also  occur  as  a result  of  the  aging 
process.  Figure  D-6  shows  how  the  viscosity  of  Prudhoe  Bay  crude  oil 
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varies  with  evaporation.  In  field  experiments  [16],  the  density  of 
Prudhoe  Bay  Crude  oil  after  five  days  of  aging  on  snow  or  ice  increased 
only  0.4°;  during  the  winter,  whereas  the  corresponding  increase  in  a 
summer  test,  when  the  oil  aged  at  a faster  rate,  was  4.5 %. 

It  can  be  concluded  that  a decrease  in  temperature  will  result  in 
a decrease  in  the  aging  rate  of  the  spilled  oil.  This  reduced  aging  will 
result  in  a lower  rate  of  increase  in  the  surface  tension, 
viscosity  and  specific  gravity  of  the  spilled  oil.  However,  cold  temper- 
atures can  compensate  for  this  effect  on  oil  properties  by  directly  increas- 
ing the  specific  gravity,  surface  tension,  and  viscosity. 

Oil  Mixed  With  Snow 

In  general  when  oil  and  snow  interact  they  mix  together.  This 
mixture  may  occur  from  snow  falling  on  top  of  the  oil  or  from  oil  flowing 
into  the  snow.  The  major  controlling  factors  which  determine  how  the 
oil  and  snow  mix  are  oil  viscosity,  snow  porosity,  snow  crystal  structure, 
and  temperature  differences  between  the  oil  and  snow  [17].  If  the  oil 
has  a low  viscosity  and  the  snow  is  not  heavily  packed,  the  oil  can  be 
absorbed  quickly  and  to  a considerable  depth  into  the  snow.  High  viscosity 
oils  have  a lesser  tendency  to  be  absorbed  into  snow.  Snow  that  is  heavily 
packed  has  a reduced  absorption  capability.  There  may  even  be  conditions 
under  which  snow  is  essentially  impermeable  to  the  spilled  oil. 

Field  and  laboratory  experiments  conducted  by  Mackay  [18]  revealed 
that  isothermal  spills  of  Alberta  crude  oil  at  32°F  were  readily  absorbed 
by  snow,  contaminating  an  area  of  about  0.11  sf  per  liter  of  oil. 

Ultimately,  the  amount  of  oil  that  remains  as  a coating  on  the  drained  snow 
crystal  will  depend  on  the  nature  of  the  snow.  It  appears  that  it  may 
amount  to  about  20"  of  the  void  volume  of  the  snow. 

When  the  temperature  of  the  oil  is  greater  than  that  of  the  snow, 
melt  holes  will  form  allowing  the  oil  to  penetrate  to  a greater  depth  into 
the  snow.  Therefore,  hot  oil  spills  are  very  different  from  isothermal  spills. 
The  melting  process  generates  an  oil/water  mixture  which  penetrates  the 
snow  before  the  hot  oil.  Experiments  conducted  by  Mackay  [18]  indicate 
that  hot  oil  melts  a channel  in  the  snow  and  flows  along  the  ground 
under  the  snow,  contaminating  an  area  of  about  0.26  sf  per  liter  of  oil. 

This  water  may  freeze  and  block  further  penetration  depending  upon  the 
temperature  of  the  snow.  As  an  example,  experiments  conducted  by  the  U.  S. 
Coast  Guard  [19]  with  warm  oil  spilled  on  snow  resulted  in  the  immediate 
melting  of  the  snow.  The  melted  snow,  from  gravity  and  capillary  action, 
moved  down  about  0.08  inches  through  the  snow  and  refroze,  at  which  point 
further  downward  migration  of  the  oil  was  prevented. 

Oil  spilled  on  a surface  and  later  covered  by  snow  will  behave 
differently.  In  a Prudhoe  Bay  crude  oil  spill  test  conducted  by  the  Coast 
Guard  [18],  oil  was  covered  by  wind-blown  snow  at  cold  temperatures.  The 
snow  cover  tended  to  migrate  downward  into  the  oil  forming  an  oil/snow 
mulch.  This  mulch  was  approximately  802  water  by  volume  and  had  a firm 
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cohesive  consistency  allowing  it  to  be  removed  easily.  During  the  1977 
Buzzards  Bay  diesel  oil  spill  [14],  heavily  concentrated  oil  pools  formed  by 
rafted  ice  were  completely  saturated  by  snow.  An  oil/snow  mixture  was 
formed  which  was  approximately  70%  water  by  volume.  This  mixture  could  be 
picked  up  by  hand  without  any  oil  dripping  free.  In  addition,  oil  which  is 
saturated  with  snow  and  covered  by  additional  snow  ultimately  forms  an 
ice/oil/ice  sandwich.  Much  of  the  present  knowledge  of  the  interaction  of 
oil  with  snow  is  contained  in  nine  reports  [8,  14,  16,  17,  18,  19,  20,  21, 
22]. 

Oil  Interaction  With  Solid  Ice 

Oil  spilled  on  top  of  or  underneath  solid  shorefast  ice  will 
behave  much  differently  than  oil  spilled  in  temperate  waters.  The 
resulting  behavior  can  greatly  affect  the  type  of  oil  spill  counter- 
measures used.  Oil  spilled  in  solid  ice  conditions  has  been,  by  far,  the 
most  extensively  researched  oil/ice  interaction.  Because  of  the  relatively 
large  amount  of  information  available  on  this  topic,  the  discussion  will 
\ be  subdivided  into  three  sections  which  cover  oil  spreading  on  or  under 

ice,  oil  sandwiched  within  growing  ice,  and  oil  migration  through  ice. 

Oil  Spreading  On  or  Under  Ice 

The  spreading  of  oil  on  or  under  ice  is  governed  by  the  ambient 
temperature;  the  ice  surface  slope,  roughness,  and  porosity;  the  oil 
properties;  and,  to  a certain  extent,  wind  and  water  current.  Under  smooth 
ice  and  in  quiescent  waters,  Rosenegger  [3]  found  that  a minimum  film  thick- 
ness of  0.1  inches  should  be  expected  from  Norman  Wells  and  Swan  Hills 
crudes.  Experiments  by  Chen  and  Scott  [5],  and  Keevil  and  Ramseier  [24] 
revealed  that  the  crude  oil  forms  film  thicknesses  of  0.6  to  0.4  inches 
beneath  flat  sea  ice.  Equations  have  been  derived  which  can  be  used  to 
calculate  the  spreading  rate  of  oil  spilled  on  or  underneath  an  ice 
cover  [6,  8,  25].  These  equations  are  based  on  the  oil  flow  rate, 
density  of  the  oil,  slick  thickness,  oil  viscosity,  and  oil  volume. 

From  a practical  standpoint,  an  accurate  knowledge  of  the  spreading  rate 
may  not  be  important  since  the  oil  in  any  given  instantaneous  spill  will 
likely  spread  to  its  terminal  area  before  any  response  action  can  be 
initiated. 

The  terminal  area  of  a spill  cn  or  under  shorefast  ice  is  determined 
primarily  by  the  roughness  characteristics  and  the  porosity  of  the  ice 
surface.  In  addition,  external  forces,  such  as  wind  for  spills  on  the  ice 
and  water  currents  for  spills  under  the  ice,  can  also  influence  the  areal 
spread.  The  following  paragraphs  will  discuss  the  influence  of  ice  surface 
roughness,  ice  porosity,  wind,  and  water  currents  on  oil  spreading  on  and 
under  shorefast  ice. 

Sea  ice  generally  has  a rough  surface  caused  by  its  initial  growth 
from  pancakes,  deformat' jn  by  winds  and  currents,  and  variations  in  the 
distribution  of  the  insulating  snow  cover.  These  conditions  create  many 
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pockets  and  cavities  in  the  ice.  When  oil  is  spilled  on  or  under  the  ice, 
it  will  spread  from  the  spill  source  filling  one  pocket  after  another.  This 
pocket  filling  process  has  been  observed  in  experiments  conducted  by  NORCOR 
[13],  Adams  [12],  Moult  [25],  and  Glaeser  [1].  Kovacs  [26],  in  a study  of 
ice  thickness  profiling  near  Prudhoe  Bay,  discussed  the  areal  coverage  of 
oil  spills  as  limited  by  the  under-ice  roughness.  Figure  D-7  is  a sketch 
of  the  typical  under-ice  roughness  distribution  based  upon  his  field 
measurements.  The  mean  ice  thickness  during  his  survey  was  6.3  ft.  These 
measurements  resulted  in  the  estimation  that  the  areal  coverage  of  one 
barrel  of  oil  spilled  beneath  the  ice  should  be  about  64  sf.  The  under- 
ice roughness  is  normally  greater  than  the  surface  roughness,  therefore, 
the  ultimate  size  of  a spill  on  the  ice  could  be  expected  to  be  larger, 
assuming  the  same  ice  porosity  and  neglecting  the  effects  of  winds  and 
currents  [25].  It  should  be  noted  that  the  number  given  for  the  potential 
areal  coverage  of  an  undersea  spill  is  based  on  a limited  amount  of  data. 

A more  extensive  survey  of  under-ice  roughness  is  planned. 

Aside  from  the  ice  pocket  filling  process,  the  absorption  of  oil  by 
the  ice  surface  can  limit  the  areal  distribution  of  the  oil.  If  the  ice 
has  a porous  crystal  structure,  light  oil  would  be  able  to  flow  into  the 
ice  rather  freely,  while  more  viscous  oil  would  not  penetrate  the  pores  as 
easily.  In  a Prudhoe  Bay  crude  oil  spill  test  conducted  J)y  the  U.  S. 

Coast  Guard  [27],  the  porous  ice  surface  consisting  of  a layer  of  re- 
crystal ized  ice  approximately  2 inches  thick  was  found  to  absorb  oil  up  to 
25%  of  its  volume.  In  comparison,  the  Buzzards  Bay  spill  occurred  in  ice 
which  was  not  porous,  and  the  No.  2 fuel  oil  only  penetrated  approximately 
2 inches  into  the  ice  to  a volumetric  concentration  of  up  to  5%  [14], 

In  addition  to  these  spreading  mechanisms,  the  wind  can  also  be 
influential  in  transporting  oil  on  ice.  In  a spill  at  Deception  Bay 
[7],  wind  was  the  most  important  factor  affecting  the  spreading  of  the  oil 
over  the  ice.  On  certain  days  the  oil  spreading  velocity  reached  50  to  60 
fpm,  and  calculations  indicated  that  the  spreading  velocity  of  the  oil  over 
ice  due  to  wind  was  about  1/3  of  that  observed  over  open  water.  Also,  at 
Buzzards  Bay  .wind  caused  oil  to  spread  from  oil  pools  in  rafted  ice  forma- 
tions over  the  surface  of  the  adjacent  ice  cover. 

Oil  spilled  under  ice  can  further  spread  by  interaction  with  currents. 
Little  information  is  available  on  this  transport  mechanism,  however,  some 
preliminary  work  has  been  completed.  Flume  tests  conducted  at  ARCTEC, 
Incorporated  for  the  Environmental  Protection  Agency  were  directed  toward 
investigating  the  transport  of  an  oil  slick  under  a uniformly  smooth  ice 
cover  [28].  The  oil  thickness  under  static  conditions  was  about  0.5  cm  for 
No.  2 fuel  oil,  and  ranged  between  3 and  5 cm  for  Prudhoe  Bay  type  crude  oil. 
Under  the  influence  of  a current,  the  oil  was  neither  emulsified  nor  entrained 
in  the  water  column  for  stream  Froude  numbers  between  0.03  and  0.32.  Also, 
the  oil  did  not  adhere  to  the  underside  of  the  ice  sheet.  The  tests  resulted 
in  the  development  of  preliminary  relationships  between  the  slick  velocity 
and  the  water  velocity  for  each  oil  type. 
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These  preliminary  investigations  indicate  that  oil  will  move  under  an 
ice  cover;  however,  tests  have  not  yet  determined  the  magnitude  of  the  current 
required  to  move  different  types  of  oil  beneath  the  ice  for  different  con- 
ditions of  under-ice  surface  roughness  and  for  different  discontinuous  ice 
features. 

Oil  Sandwiched  Within  Growing  Ice 

When  ice  is  actively  growing,  it  will  continue  to  grow  beneath  the 
spilled  oil,  forming  an  entrapped  oil  lens  in  the  ice.  If  temperatures  are 
favorable,  a lip  of  ice  forms  around  the  lens  a few  hours  after  the  oil 
comes  in  contact  with  the  ice,  limiting  its  further  horizontal  movement. 
During  cold  periods,  a new  layer  of  ice  will  develop  beneath  the  oil 
within  a few  days.  The  fact  that  ice  will  form  beneath  oil  that  has  been 
trapped  under  ice  in  static  water  conditions  in  below  freezing  temperature 
has  been  well  documented  [12,  24,  25,  28,  29]. 

In  tests  conducted  with  oil  spilled  on  open  water  under  ice  forming 
conditions,  an  ice  layer  was  formed  beneath  the  oil  [30].  This  newly 
formed  ice  was  not  uniformly  thick  and  resulted  in  oil  pooling  in  the 
depressions.  The  oil  was  exposed  to  solar  radiation  for  a period  of  time 
prior  to  a snowfall,  and  consequently  had  a temperature  higher  than  that 
of  its  surroundings.  Snow  that  fell  onto  the  oil  was  then  melted  by  the 
internal  heat  of  the  oil.  As  the  temperature  decreased,  any  water  under  the 
oil  was  solidified,  and  part  of  the  oil  became  imbedded  in  the  ice.  Snow 
eventually  completely  covered  the  oil  and  became  ice  resulting  in  additional 
oil  contaminated  ice. 

It  can  be  concluded  that  when  oil  is  spilled  in  growing  ice  conditions, 
it  will  nearly  always  be  encapsulated  in  the  ice.  Oil  spilled  underneath 
ice  will  form  an  oil  lens  within  the  ice.  Oil  spilled  on  top  of  ice  will 
become  snow  covered.  The  melting  and  refreezing  of  this  snow  will  result 
in  the  formation  of  an  ice/oil/ice  layer. 

Oil  Migration  Through  Ice 

During  the  ice  decay  period,  the  effects  of  the  brine  in  the  ice 
play  a significant  role  in  determining  the  behavior  of  the  spilled  oil. 

This  brine  moves  vertically  through  the  ice  sheet  in  a desalination  process. 
Four  primary  desalination  mechanisms  which  have  been  proposed  [31]  include 
brine  pocket  migration,  brine  expulsion,  gravity  drainage,  and  flushing. 

As  the  sea  ice  grows, the  desalination  process  tends  to  make  the  ice 
homogeneous  in  salinity.  This  desalination  process  in  first-year  ice 
creates  vertical  pathways  through  the  ice,  and  as  the  ice  sheet  warms  in 
the  spring,  these  brine  channels  enlarge. 

These  enlarged  brine  channels  allow  oil  to  migrate  down  into,  or 
up  through  the  ice.  A major  field  test  program  concerned  with  this  vertical 
migration  of  oil  through  brine  channels  was  conducted  in  the  winter  of 
1974-75  at  Balaena  Bay,  NWT  as  part  of  the  Canadian  Beaufort  Sea  Project 
[29],  As  the  ice  sheet  warmed  in  the  spring  and  the  brine  channels  enlarged. 
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the  oil  that  was  spilled  underneath  the  ice  began  to  migrate  upwards  through 
the  ice  sheet.  The  rate  of  migration  increased  as  the  level  of  solar 
radiation  and  the  ambient  temperature  increased.  Martin  [23]  observed 
that  as  the  oil  migrates  upward  in  the  brine  channels,  it  then  distributes 
itself  within  the  brine  channel  network  and  throughout  the  porous  surface 
ice.  The  amount  of  oil  trapped  within  the  ice  by  this  mechanism  was  found 
to  range  between  1 and  5%  by  volume.  Martin  concluded  that  the  entrapment 
of  oil  within  the  porous  surface  ice,  and  the  containment  of  oil  within 
the  brine  and  feeder  channels,  would  result  in  the  release  of  oil  spilled 
beneath  first-year  ice  as  a slow  but  continuous  process  throughout  the 
spring  and  summer  melt  season. 

During  this  spring  and  summer  melt  season,  oil  which  is  on  the  ice 
surface  will  accelerate  the  ice  melt  by  influencing  the  temperature 
regime  of  its  surroundings.  The  albedo,  which  is  defined  as  the  ratio 
of  the  light  reflected  from  a surface  to  the  total  light  falling  upon 
the  surface,  would  be  decreased  due  to  the  presence  of  oil.  The  albedo  is 
0.9  for  new  snow,  0.6  for  clean  ice, 0.5  for  oiled  snow,  0.1  for  open 
water,  and  0.1  for  a solid  oil  lens.  The  resulting  increased  absorption 
of  solar  radiation  hastens  ice  melting.  Glaeser  [27]  indicated  that  oiled 
ice  melted  approximately  0.8  inches  per  day  more  than  clean  ice.  In 
Balaena  Bay  [29],  oil  reaching  the  surface  of  the  ice  developed  surface 
drainage  patterns  and  pooled,  and  the  ice  sheet  rapidly  deteriorated. 

This  study  concluded  that  depending  upon  the  nature  and  location  of  the 

ice  sheet,  oiled  areas  are  likely  to  be  free  of  ice  between  1 and  3 weeks 

earlier  than  unoiled  areas. 

In  conclusion,  the  behavior  of  oil  spilled  on  and  under  ice  is 
primarily  dependent  upon  oil  properties,  ice  surface  roughness,  ice 
porosity,  wind,  and  water  currents.  Oil  spilled  in  growing  ice  conditions 
will  be  sandwiched  within  the  ice.  This  can  occur  within  a relatively 
short  time  for  oil  spilled  underneath  ice.  This  sandwiching  of  oil 
spilled  on  top  of  ice  is  primarily  dependant  upon  the  thawing  and 

refreezing  of  snow.  Also,  during  the  warmer  season  oil  spilled  under- 

neath ice  will  migrate  through  enlarged  brine  channels  to  the  ice  surface. 
Oil  on  the  ice  surface  will  hasten  ice  melting  due  to  solar  albedo  effects. 

Oil  In  Broken  Ice  Fields 


The  characteristics  of  broken  ice  fields  vary  widely  in  both  ice 
piece  size  and  concentration.  Broken  ice  fields  can  include  slush  ice, 
pancake  ice,  large  sections  of  broken  shorefast  ice,  or  multi-year  ice. 

The  behavior  of  oil  spilled  in  broken  ice  fields  will  depend  upon  the 
ice  and  oil  type,  ice  concentration,  wind,  waves,  and  currents. 

During  the  initiation  of  ice  growth,  small  salt- free  crystals  of 
ice  called  frazil  ice,  form  on  the  water  surface.  At  first  they  flow  freely, 
but  later  mesh  together  to  form  a thin  mushy  layer.  This  frazil  ice  tends 
to  remain  a fluid,  porous  mass  up  to  a thickness  of  about  5 inches.  The 
ratio  of  the  volume  of  the  ice  to  the  total  volume  of  sea  water  in  the 


ice  ranges  from  35  to  40%,  so  that  frazil  ice  can  typically  be  about  60% 
sea  water.  Laboratory  experiments  conducted  by  Martin  [32]  reveal  that 
slush  ice  also  has  a high  porosity.  The  experiments  suggested  that  oil 
will  rise  through  the  slush  ice  and  spread  on  the  surface  without  any 
signs  of  oil  absorption  below  the  slush  ice  surface.  Based  on  these  tests 
it  appears  that  oil  spilled  in  these  conditions  would  have  to  be  recovered 
with,  or  separated  from,  the  frazil  ice  it  is  floating  on. 

As  slush  ice  continues  to  grow,  it  eventually  forms  pancake  ice. 

The  size  of  the  pancake  varies  from  1 to  2 ft  in  diameter.  Several  pan- 
cakes will  then  freeze  together  forming  the  first  floes  which  may  attain 
dimensions  on  the  order  of  3 to  10  ft.  Oil  spilled  within  pancake  ice 
will  flow  between  the  ice  pieces.  Waves  create  an  oscillatory  motion  of 
the  pancakes,  which  tends  to  pump  the  oil  away  from  its  original  discharge 
point.  Oil  is  pumped  both  onto  the  surface  and  along  the  cracks  between 
the  pieces  of  ice.  Oil  spilled  in  these  conditions  will  be  concen- 
trated in  the  open  water  between  the  pancakes,  and  along  the  edges  of 
the  ice  pancake  surface. 

Test  spills  of  crude  oil  with  properties  similar  to  Prudhoe  Bay 
crude  and  of  No.  2 diesel  conducted  in  a simulated  broken  ice  field  of  95% 
concentration  with  ice  pieces  ranging  from  12"  x 12"  x 20"  to  brash  showed 
that  the  oil  would  tend  to  gather  between  the  ice  [33].  When  crude  oil 
was  poured  in  the  broken  ice  field,  it  built  up  in  thickness  between  the 
ice  pieces  rather  than  spreading.  After  24  gallons  of  crude  were  deposited, 
the  slick  covered  an  area  of  only  30  sf.  On  temperate  waters,  the  same 
volume  would  cover  approximately  300  sf.  The  oil  thickness  in  the  center 
was  3.75  inches,  and  thinned  to  about  2.5  inches  near  the  boundary.  No.  2 
oil  was  spilled  under  the  same  conditions  and  it  spread  rapidly  through 
the  broken  ice  field  to  form  a much  thinner  layer.  The  equilibrium  thickness 
of  oil  spilled  in  a static  broken  ice  field  is  therefore  highly  variable, 
likely  being  a function  of  the  properties  of  the  oil,  the  concentration  of  the 
broken  ice  field,  and  the  size  distribution  of  the  ice  pieces. 

During  the  1977  Buzzards  Bay  spill  [14],  diesel  oil  which  was 
incorporated  in  the  relatively  stable  ice  began  to  be  released  upon 
breakup.  The  ice  floes  which  resulted  contained  various  amounts  of  oil. 

As  the  ice  floes  further  deteriorated,  oil  which  had  penetrated  into  the 
ice  streamed  from  the  floes  in  the  form  of  sheen.  This  allowed  the  oil 
to  travel  a considerable  distance  with  the  ice  in  some  instances  before 
being  released  into  the  open  water.  Contaiminated  ice  floes  which  drifted 
into  coves  settled  on  the  beaches  and  leaked  the  oil  into  the  sediments 
and  beach  grasses. 

In  the  1977  ETHEL  H spill  on  the  Hudson  River  [34],  No.  6 oil 
also  interacted  with  a broken  ice  field.  Prior  to  the  spill,  ice 
floes  created  from  the  breakup  of  the  shorefast  ice  covered  80% 
of  the  river  at  some  locations.  As  these  ice  floes  traveled  down  the 
river,  it  was  observed  that  heavy  tarry  oil  adhered  to  many  of  the 
ice  floes.  In  some  instances,  the  ice  surface  was  50%  covered  with  oil. 


A thin  sheen  of  oil  was  observed  streaming  from  some  of  the  more  heavily 
oiled  ice  pieces.  When  the  ice  floes  became  packed  together,  the  oil 
between  the  floes  was  contained  to  a greater  thickness.  As  the  contam- 
inated ice  left  the  mouth  of  the  Hudson  to  enter  the  Atlantic,  the 
heavy  oil  would  move  along  with  the  broken  ice  and  bleed  off  oil  in  the 
form  of  a sheen. 

From  these  observations,  it  can  be  concluded  that  diesel  oil  spilled 
in  a broken  ice  field  will  penetrate  into  the  ice  and  flow  between  the  ice 
pieces,  depending  upon  the  concentration  of  the  ice  field.  Crude  oil 
spilled  in  broken  ice  conditions  would  typically  adhere  to  the  ice  surfaces 
and  bleed  oil  sheen,  or  the  lighter  ends,  into  the  surrounding  waters. 

The  heavier  crude  would  have  a far  greater  tendency  to  be  contained  by  the 
broken  ice  pieces  with  a resulting  greater  oil  thickness.  If  there  is 
enough  interaction  between  the  crude  oil  and  ice,  all  of  the  heavy  ends  of 
the  oil  could  possibly  adhere  to  the  ice  surfaces.  The  oil  which  adheres 
to  the  ice  would  cause  melt  pockets  or  holes  to  form  in  the  ice  surface 
during  warming  periods  due  to  the  albedo  differences. 

Oil  Spilled  On  Cold  Open  Water 


Oil  spilled  on  open  water  in  cold  regions  would  behave  differently 
from  that  spilled  in  temperate  climates.  In  particular,  cold  temperatures 
affect  the  oil  properties  in  a manner  which  tends  to  increase  the  terminal 
thickness  of  the  oil  and  reduce  its  spreading  rate.  Oil  spilled  on  open 
water  in  a lead  in  the  ice  cover  would  most  probably  come  in  contact  with 
the  ice  edge.  This  discussion  will  be  separated  into  the  spreading  of  oil 
on  cold  open  water,  and  interaction  of  oil  with  an  ice  edge. 

Spreading  On  Cold  Open  Water 

The  initial  spreading  and  subsequent  transport  of  spilled  oil  by 
winds,  waves,  and  currents  will  direct  the  slick  on  the  water  surface.  The 
spreading  of  light  oils  on  the  surface  of  open  water  can  often  be  very 
rapid,  requiring  spill  response  to  be  prompt  if  any  oil  is  to  be  recovered. 
Such  oils  spread  to  a monomolecular  thickness,  becoming  invisible  to  the 
naked  eye  at  a thickness  of  1.5  x 10"  inches.  . Tests  conducted  by 
ARCTEC,  Incorporated  for  the.U.S.  Coast  Guard  [33]  showed  tne 
thickness  of  Prudhoe  Bay  type  crude  oil  at  0°C  to  be  0.29  inches.  There- 
fore, spills  of  more  viscous  oils  on  cold  water  will  primarily  differ  from 
spills  occurring  on  warmer  waters  by  having  a greater  oil  thickness.  The 
resulting  transport  of  the  oil  slick  by  wind,  waves,  and  currents  should 
be  similar  to  that  experienced  in  warmer  climates. 

Interaction  Of  Oil  With  An  Ice  Edge 

Oil  coming  in  contact  with  the  ice  edge  can  flow  either  underneath 
the  ice,  be  emulsified  in  the  water  column,  flow  on  top  of  the  ice,  or  be 
contained  by  the  ice.  Factors  which  determine  the  direction  the  oil  will 
take  include  the  forces  pushing  the  oil  against  the  ice,  the  specific 
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gravity  of  the  ice  and  oil,  and  the  ice  edge  thickness.  From  a spill 
response  standpoint,  it  would  be  preferred  to  have  the  oil  contained 
and  concentrated  along  the  ice  edge.  Examples  from  past  spills  will  be 
discussed  to  illustrate  the  effectiveness  of  an  ice  edge  in  containing 
oil . 


At  the  Chedabucto  Bay  spill  [21],  oil  was  observed  at  the  leading 
edge  of  the  ice  and  did  not  appear  to  move  under  the  ice  for  any  signif- 
icant distance,  even  under  persistant  winds.  Only  small  amounts  of  oil 
in  particulate  form  were  observed  under  the  ice  at  some  locations. 

Tidal  currents  were  small,  and  thus  the  ice  served  as  an  effective 
barrier  to  oil  spreading. 

In  an  oil  spill  in  Deception  Bay  [7],  the  oil  tended  to  flow  into 
open  water  tidal  cracks  where  the  water  was  much  less  turbulent  than 
it  was  in  the  open  sea.  The  ability  of  the  water  in  the  tidal  crack  system 
to  emulsify  and  disperse  the  oil  was  limited,  but  it  was  not  completely 
eliminated  since  there  was  evidence  that  some  oil  had  been  dispersed  and 
i carried  a substantial  distance  under  the  ice.  The  emulsification  resulted 

from  the  tidal  motions  and  the  wind.  Studies  indicated  that  the 
production  of  emulsions  requires  a threshold  level  of  water  turbulence.  [20] 
The  presence  of  residual  oils  and  low  temperatures,  producing  high  oil 
viscosities,  aid  the  emulsification  process  [20]. 

The  previous  examples  showed  that  the  ice  edge  can  contain  oil; 

’ however,  the  currents  associated  with  these  examples  were  not  high 

enough  to  cause  complete  containment  failure.  At  the  1977  Buzzards 
Bay  spill  [14],  observers  on  the  leaking  barge  noted  that  as  the  oil 
was  released  it  built  up  along  the  edge  of  the  ice  surrounding  the 
barge,  and  was  forced  under  the  ice  by  strong  tidal  currents  of  1 knot. 

Once  under  the  ice,  the  currents  transported  the  oil  laterally. 

These  observations  illustrate  that  the  ice  edge  can  serve  as  an 
effective  containment  barrier  under  certain  conditions.  However,  the 
conditions  required  to  cause  emulsification,  entrainment  in  the  water 
column,  and  transport  underneath  the  ice,  have  not  been  defined. 

Oil  Behavior  In  Dynamic  Ice  Conditions 

Oil  behavior  in  ice  infested  waters  is  strongly  dependent  upon 
the  dynamic  character  of  sea  ice.  Ice  which  is  not  fastened  to  the  shore 
or  bottom  responds  to  the  wind  and  current  stresses  by  moving  and  re- 
shaping, with  the  possible  formation  of  pressure  ridges,  rubble  fields,  and 
hunmocks.  Little  experience  has  been  gained  in  observing  the  behavior 
of  spilled  oil  in  dynamic  ice  conditions.  A spill  of  diesel  oil  which 
occurred  in  1977  at  Buzzards  Bay  [14]  allowed  researchers  to  investigate 
the  interaction  of  oil  in  rafts,  hummocks,  and  ridges. 

During  the  1977  Buzzards  Bay  diesel  oil  spill,  nearly  all  the  oil 
being  transported  underneath  the  ice  settled  within  two  days  into  rafts, 
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hummocks,  and  ridges  where  it  was  sheltered  from  the  strong  tidal  currents. 

The  oil  remained  fairly  stable  in  these  formations  until  the  ice  began 
to  break  up.  Rafted  ice  led  to  the  formation  of  oil  pools  with  depths  of 
up  to  0.5  ft  on  the  ice  surface.  These  pools  held  approximately  30%  of  the 
oil  spilled  in  the  Buzzards  Bay  incident.  The  formation  of  these  pools 
occurred  within  a day  of  the  spill,  and  was  unexpected  on  the  basis  of 
previous  work  on  oil  spills  in  ice.  The  sequence  of  sketches  in  Figure  D-8 
shows  a possible  oil  capture  scenario.  As  the  current  carried  the  oil 
under  the  ice,  the  oil  encountered  the  bottom  of  the  rafted  formations 
where  it  was  sheltered  from  the  current  in  the  lee  of  the  submerged 
part  of  the  raft.  The  buoyant  oil  then  rose  through  an  opening  between 
the  two  ice  sheets  to  replace  the  heavier  sea  water  in  the  pond.  Once 
on  the  surface,  the  oil  was  protected  from  the  currents.  As  the  tidal 
current  oscillated  back  and  forth,  the  fuel  which  was  not  protected 
from  the  currents  was  then  swept  away.  The  oil  pools  which  formed 
contained  as  much  as  2,000  gallons  of  oil. 

It  was  also  observed  during  the  Buzzards  Bay  incident  that  the  oil 
could  have  interacted  with  pressure  ridges  and  hummocks  in  two  ways. 

The  first  way  occurs  when  oil  is  incorporated  during  the  formation  of 
the  pressure  ridge  or  hummock.  This  happens  when  small  contaminated  ice 
pieces  are  compressed  together  into  a pressure  ridge  or  hummock  creating 
a pile  of  oiled  ice  pieces.  It  also  happens  when  oil  in  a lead  along  the 
ice  edge  is  squeezed  and  coats  the  ridge  walls  during  the  formation  of 
the  pressure  ridge  or  hummock.  Numerous  observations  point  out  that 
flat  ice  bending  down  at  the  ridge  base  could  yield  another  possiblity  for 
oil  entrapment.  Secondly,  oil  can  flow  into  previously  formed  pressure 
ridges  and  hummocks  as  shown  in  Figure  D-9.  The  porous  pressure  ridges 
and  hummocks  create  numerous  small  crack  systems  for  the  oil  to  fill  in 
hydrostatically,  thus  allowinq  the  oil  to  coat  the  ice  and  settle  within 
the  crack  systems.  If  the  keel  from  a ridge  or  hummock  is  not  porous  it  can 
also  provide  a means  for  the  containment  of  oil  [35].  It  appears 
that  a ridge  or  hummock  may  contain  oil  in  volume  depending  upon  the  currents, 
oil  properties,  ice  properties,  and  porosity  of  the  ridge  or  hummock. 

It  can  be  concluded  that  if  the  oil  is  spilled  under  the  ice  and 
is  transported  by  currents  it  may  concentrate  in  rafts,  hummocks  and 
ridges.  If  the  oil  is  spilled  in  a lead,  subsequent  ice  deformation  will 
also  tend  to  concentrate  the  oil  in  discontinuous  ice  features. 
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